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Abstract 
In this dissertation, the feasibility of operating Si devices at 200 ˚C [degree Celsius] is 
investigated and the guidelines on the development of a high temperature Si converter for 
operating with 105 ˚C high temperature liquid coolant in hybrid electrical vehicle (HEV) 
applications are provided. 
First, the characterization of a Si IGBT operating at 200 ˚C junction temperatures is 
presented. It is shown that the commercial 175 ˚C Si IGBT under test can be successfully 
switched at an elevated junction temperature of 200 ˚C with increased but acceptable losses.  
Second, a comprehensive evaluation of Si IGBT ruggedness at high temperature operation is 
provided through experiments. The important criteria considering latch-up immunity, short 
circuit capability, and avalanche capability are given to ensure the safe and reliable operation of 
Si IGBTs at 200 ˚C. 
Third, the feasibility of operating Si devices based converters continuously at the junction 
temperature of 200 ˚C is demonstrated. A Si IGBT phase-leg module is developed for 200 ˚C 
operation utilizing high temperature packaging technologies and appropriate thermal 
management. 
Fourth, a method is proposed to measure the junction temperatures of IGBTs during the 
converter operation using IGBT short circuit current. The calibration experiments show that the 
short circuit current has good sensitivity, linearity and selectivity, making the method suitable for 
use as temperature sensitive electrical parameter (TSEP). By connecting a temperature 
measurement unit to the converter and giving a short circuit pulse during the converter operation, 
the IGBT junction temperature can be measured.  
 v
Fifth, a 30 kW Si IGBT based three-phase converter has been developed for operating at the 
junction temperature of 200 ˚C with the high temperature coolant in HEV applications. The 
experimental results demonstrate that the three-phase converter can operate at junction 
temperature of 200 ˚C with the 105 ˚C high temperature coolant, thus eliminating the need for 
the additional 65 ˚C coolant in HEV.  
Additionally, the emerging 600 V GaN HEMT is investigated as a potential replacement of 
Si devices for high efficiency and high temperature in future HEV applications. 
 
 
Keywords: high temperature, Si IGBT, 200 ˚C, reduced cooling, temperature 
measurement, hybrid electric vehicle 
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Chapter 1. Introduction 
This chapter introduces the background of high temperature power electronics converter 
applications. The structure and organization of the dissertation is then given. 
1.1 Background 
Power electronics are widely used in a variety of industrial applications. During their 
operations the switches generate relatively large amounts of heat in the order of hundreds of 
watts (W) per die, leading to their temperature increase. Semiconductor devices and the 
associated packaging materials ultimately dictate the inherent temperature limitations. The 
development of high temperature capable power electronics will allow a significant increase in 
power density or reduced cooling. Applications such as aircraft, vehicles, space exploration, and 
deep oil and gas wells drilling can benefit much from the high temperature power electronics [1]-
[3]. Table 1-1 lists some of the high temperature applications [3]. 
In the automotive applications, the underhood automotive environment is harsh and pushes 
the development of high temperature electronic components. The electronics operating above 
125 ˚C are defined as high temperature electronics in the automotive industry. The actual 
temperatures for various electronics mounting locations are listed in Table 1-2 [4]. 
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Table 1-1 High Temperature Electronics Applications [3] 
High temperature electronics 
application  
Peak 
ambient 
Chip 
power 
Current 
Technology 
Future 
Technology 
Automotive     
 Engine control electronics 150 ˚C < 1 kW BS & SOI BS & SOI 
 On-cylinder & exhaust pipe 600 ˚C < 1 kW NA WBG 
 Electric suspension & brakes 250 ˚C > 10 kW BS WBG 
 Electric/hybrid vehicle 150 ˚C > 10 kW BS WBG 
Turbine engine     
 Sensors, telemetry, control 300 ˚C < 1 kW BS & SOI SOI & WBG 
  600 ˚C < 1 kW NA WBG 
 Electric actuation 150 ˚C >10 kW BS & SOI WBG 
  600 ˚C >10 kW NA WBG 
Spacecraft     
 Power management 150 ˚C >1 kW BS & SOI WBG 
  300 ˚C >10 kW NA WBG 
 Venus & Mercury 
exploration 
550 ˚C ~1 kW NA WBG 
Industrial     
 High temperature processing 300 ˚C < 1 kW SOI SOI 
  600 ˚C < 1 kW NA WBG 
Deep-well drilling telemetry     
 Oil and gas 300 ˚C < 1 kW SOI SOI & WBG 
 Geothermal 600 ˚C < 1 kW NA WBG 
BS = bulk silicon, SOI = Silicon on insulator, NA = not presently available, WBG = wide 
bandgap 
Table 1-2 Automotive Temperature Extremes (Delphi Delco Electronic Systems) [4] 
Location Typical continuous max temperature Vibration level 
On engine / On transmission 140 ˚C Up to 10Grms 
At the engine (intake manifold) 125 ˚C Up to 10Grms 
Underhood (near engine) 120 ˚C 3-5Grms 
Underhood (remote location) 105 ˚C 3-5Grms 
Exterior 70 ˚C 3-5Grms 
Passenger compartment 70-80 ˚C 3-5Grms 
With the more stringent regulations on emissions and fuel economy, global warming, and 
constraints on energy resources, the electric, hybrid, and fuel cell vehicles have attracted more 
and more attention by automakers, governments, and customers and  will likely increase in 
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popularity in coming years. Typically, a full hybrid electrical vehicle in city driving can save 
about 30% to 50% energy, while the cost increases about 30% to 40% [5].  
Although HEVs possess many advantages, they also have certain limitations. Today’s 
hybrid electric vehicle (HEV) traction drives cannot meet the aggressive power density and cost 
targets set by Department of Energy (DOE) for 2015 and 2020 because the electric machine and 
drive electronics are packaged as separate components [6][7]. Figure 1-1 and Figure 1-2 show 
the hybrid electric drive system in Ford Fusion HEV and Toyota Prius 2010, respectively. It is 
shown that the electric machine and drive electronics have their own housings and thermal 
management systems. The connectors and cables for the interconnections between the machine 
and drive add to the weight and cost. Also the power electronics are not capable of operating 
with the 105 ˚C engine coolant. A separate liquid cooling system with coolant temperature at 65 
˚C is used specially to remove the heat from the electric drive system due to the temperature 
limitations of power electronics. 
 
Figure 1-1. Ford Fusion HEV hybrid electric drive system (Permission is obtained to use the picture) [6]. 
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(a) Compartment of motor and generator (b) Compartment of power electronics converter assembly 
Figure 1-2. 2010 Toyota Prius hybrid electric drive system [7].  
To reduce the cost and complexity, it is advantageous to integrate the machine and power 
electronics together into a single combined machine-plus-drive structure, as well as eliminate the 
need for the 65 ˚C cooling loop and cool the power electronics with 105 ˚C engine coolant 
instead. 
The integration of motor and drive offers a number of attractive features such as reduced 
drive volume and the elimination of power transmission cables. Radiated electromagnetic 
interference and voltage transients due to power transmission over long cable distances are also 
reduced. The integrated modular motor drive (IMMD) concept and a demonstrator were 
introduced in [8], as shown in Figure 1-3 and Figure 1-4. 
However, there are still many issues unsolved associated with achieving the physical 
integration of the motor drive inside the machine housing. Designing power electronics to 
operate in the hash thermal environment inside an electric motor with the 105 ˚C engine coolant 
is a challenging task, which drives the demand of high temperature power electronics [9]-[11].  
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Figure 1-3. Integrated modular motor (IMMD) drive concept (Permission is obtained to use the picture) [8].  
 
Figure 1-4. Concept demonstrator version of IMMD (< 3 kW) (Permission is obtained to use the picture) [8]. 
1.2 Dissertation Organization 
The dissertation investigates the feasibility of operating Si devices at 200 ˚C and provides 
the guidelines on the development of a high temperature Si converter for operating with 105 ˚C 
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high temperature liquid coolant in hybrid electrical vehicle (HEV) applications. The chapters are 
organized as follows. 
Chapter 2 reviews the state-of-the-art research activities in the corresponding areas of high 
temperature semiconductor devices and power converters. Based on the review, the challenges 
related to the high temperature operations are then addressed. 
Chapter 3 presents the static and switching characterization of Si IGBT operating at 200 ˚C 
junction temperatures for traction applications. Also the impact of the increased junction 
temperature on a traction drive converter efficiency and thermal management is analyzed. 
Chapter 4 provides a comprehensive evaluation of Si IGBT ruggedness at high temperature 
operation through experiments. A test circuit is proposed for testing the IGBT safe operating area. 
The latch-up immunity, short circuit capability and avalanche capability at high temperatures are 
evaluated through experiments. 
Chapter 5 develops a Si IGBT phase-leg module for operating at 200 ˚C utilizing the high 
temperature packaging technologies and appropriate thermal management. The electrical 
characteristics and the thermal performance of the module and the cooling system are 
characterized through experiments. A 10 kW buck converter composed of this module assembly 
is built and operated at the junction temperature up to 200 ˚C. 
Chapter 6 proposes a method to measure the junction temperatures of IGBTs during the 
converter operation using IGBT short circuit current. The calibration experiments show that the 
short circuit current has good sensitivity, linearity and selectivity, making the method suitable to 
be used as TSEP. By connecting a temperature measurement unit to the converter and giving a 
short circuit pulse during the converter operation, the IGBT junction temperature can be 
measured. 
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Chapter 7 develops a 30 kW Si IGBT based three-phase converter for operating at 200 ˚C 
junction temperature with the 105 ˚C engine coolant in HEVs, leading to lower cost and higher 
power density. The thermal management system utilizing the integrated pin fin baseplate is 
adopted to allow improved thermal performance. A 30 kW three-phase converter prototype is 
designed and tested with the IGBT junction temperature is measured during converter operation 
using the TSEP introduced in Chapter 6. 
Chapter 8 investigates the fast switching characteristics and high temperature performance 
of the 600 V GaN high-electron-mobility transistor (HEMT). The inherent switching 
performance of the GaN HEMT is demonstrated in the double pulse test. The limitations of the 
fast switching capability by the device packaging and application circuit are analyzed. The high 
temperature static and switching characteristics up to 200 ˚C are also tested and given. 
Chapter 9 summarizes the main conclusions of this dissertation and proposes potential future 
work. 
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Chapter 2. Literature Review 
In this chapter, the state-of-the-art research activities in the corresponding area are reviewed, 
which helps to identify the importance of this work and its novelty. The challenges related to the 
high temperature operation are then addressed. 
2.1 Si IGBT Development 
IGBTs have been developed for many years, with a trend of smaller volumes and increased 
current densities. Figure 2-1 shows an example of the reduction of the IGBT chip area in the case 
of the 1200 V/ 75 A IGBT [10]. Figure 2-2 shows the decrease of the chip thickness from the 
first 1200 V non punch through (NPT) IGBTs to nowadays field-stop (FS) IGBTs in the voltage 
range of 600 V to 1700 V [12]. 
 
Figure 2-1. IGBT progress for 1200 V / 75 A chip [10]. 
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Figure 2-2. Decrease of chip thickness from first 1200 V NPT IGBTs up to nowadays 600-1700 V FS 
IGBTs [12]. 
A NPT structure with planar cell is employed in the second generation of IGBT (IGBT2). 
Since IGBT3, the trench-gate field-stop technology has been adopted [13]. Trench-gate field-stop 
IGBT exhibits good potential for high temperature operation in terms of loss. The trench gate 
structure shows superior characteristics of low on-state voltage drop due to an increased carrier 
concentration near the emitter. The lightly doped field stop structure makes it possible to obtain 
the fast turn-off characteristics, which reduces the switching loss. The maximum ratings in 
junction temperature TJ is 150 ˚C while the maximum temperature for continuous switching 
operation TJ,op is 125 ˚C. 
IGBT4 has improved the trench gate structure for better VCEsat values. The feature has made 
the power switches more efficient in combination with the optimized switching characteristics 
[14]. Furthermore, IGBT4 allows a 25 ˚C higher maximum operation temperature compared to 
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IGBT3. The maximum ratings in junction temperature TJ is 175 ˚C while the maximum 
temperature for continuous switching operation TJ,op is 150 ˚C. The IGBT maximum temperature 
for continuous switching operation can be further improved with the advanced assembly and the 
contact technology, which will be introduced in the next part. 
2.2 Si IGBT Power Module Development 
The harsh environment in automobiles requires the power modules to meet the high 
reliability standards. The power module packaging technologies have been improved in 
packaging materials and assembly technologies to improve the reliability and high temperature 
capability. The latest technologies for power module packaging and thermal management from 
different power semiconductor manufactures and automakers will be introduced. 
2.2.1 Power Module in 2010 Toyota Prius Hybrid III 
The power module in 2010 Toyota Prius Hybrid III has several improvements in packaging 
compared to 2004 Toyota Prius II [7][15]. Figure 2-3 shows the schematic and the photo of the 
power module cross section. The chips are soldered to a direct bond aluminum (DBA) substrate 
with AlN ceramic insulator for electrical isolation. The DBA substrate is brazed to the buffer 
plate, and the buffer plate is then brazed to the cold plate for liquid cooling. The structure 
eliminates the need for base plate and thermal grease, and thus achieves a 30% improvement in 
the thermal performance. The buffer plate with punched holes releases the stress between the 
cold plate and DBA caused by the coefficient of thermal expansion (CTE) mismatch. 
Additionally, Al ribbons are used to replace Al bond wires to improve the reliability.  
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(a) Schematic (b) Photo 
Figure 2-3. Cross section of the power module in 2010 Toyota Prius [7][15]. 
2.2.2 Power Module in 2008 Lexus LS 600H Hybrid 
In the 2008 Lexus LS 600H hybrid drive system, the power modules are designed for double 
sided cooling [15][16]. As shown in Figure 2-4, one IGBT and one diode chip are soldered to 
two planar Cu plates on both sides for both electrical connection and thermal dissipation. Then 
the module is encapsulated with transfer molded compound and the Cu plates are exposed to the 
outside. A ceramic pad is inserted between the power module and cold plate for isolation. Figure 
2-5 shows the power module and cooling infrastructure.  Twenty four power modules are placed 
inside the cooling infrastructure with thirteen cooling channels for double side liquid cooling. 
 
 
Figure 2-4. Cross section schematic of the power 
module for double sided cooling [15]. 
Figure 2-5. Power module and cooling in 2008 
Lexus LS 600H Hybrid [16]. 
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2.2.3 Infineon IGBT4 .XT Technology 
In 2011, the module PrimePACKTM2 was introduced to the market by Infineon using IGBT4 
and the .XT technology [17]-[18]. The .XT is a set of internal connection technologies that 
improve all life time limiting areas within an IGBT module, which increases the lifetime by more 
than a factor of ten and supports the module operating at 175 ˚C continuously. 
Figure 2-6 shows the comparison of power cycling capability between IGBT4 with standard 
packaging technologies and the .XT technology. IGBT4 with the .XT technology has a higher 
power cycling capability and is valid for operation junction temperature up to 175 ˚C. 
 
Figure 2-6. Power cycling diagram for standard IGBT4 and IGBT4 with .XT for pulses with duration of about 
1.5 seconds [17]. 
The .XT technology improves all life-time limiting areas, including chip front side, chip 
back side and interconnections between substrate and baseplate. 
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For the chip front side connection in standard module packaging, the typical lifetime 
limiting failure mechanism is the bond wire lift-off as a result of the propagation of cracks inside 
the aluminum wire bond. The large mismatch of CTE between Si and Al and low yield strength 
of Al is the driving force for the crack propagation. Considering this, copper is used as a 
replacement material due to its superior mechanical properties. Because the Cu wire could 
simply sink into the Al metallization and leads to chip damage, the new metallization stack with 
Cu as the front side metal has been developed for the wire bonding. 
For the connection between chip and substrate, in order to overcome the limits of the low 
melting point of standard tin based soft solders, a diffusion soldering process for power 
semiconductors to form a high melting bond between chip and substrate has been developed. A 
high melting chip-to-substrate bond (Tm>400 ˚C) with joint thickness d<10 µm can be realized. 
For the connection between substrate and base plate, additional precipitations are 
implemented in the solder in order to stabilize the solder joint. 
2.2.4 Semikron SKiM Technology and SKiN Technology 
SKiM was introduced by Semikron in 2007 as the product line for highly reliable IGBT 
modules made specifically for automotive applications [19]-[21]. 
Considering that solder fatigue is one of the predominant power module lifetime limitations, 
the SKiM modules are 100% solder free. The power chips are sintered to a direct bonded copper 
(DBC) substrate. Under very high pressure of 30 MPa and moderate temperatures of 250 ˚C, the 
silver paste layer transforms into a solid layer of silver with the melting point at 961 ˚C. The 
power and auxiliary contacts are pressed to the substrate. The module does not have a base plate, 
and the substrate is in direct contact with the heat sink. The cross section of SKiM 63 is shown in 
Figure 2-7. 
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Figure 2-7. Cross section of SKiM 63 [20]. 
Although silver sintering is used to replace the soldering of chips to DBC substrates in 
SKiM modules, there are some issues that remain unaddressed corresponding to the wire 
bonding on the chip top side and the contact between power module and heat sink. 
The SKiN technology is revealed by Semikron in 2011 to solve these matters [22]-[23]. A 
flexible circuit board is designed with polyimide with patterned metal tracks on both sides. The 
bottom metal carries the load current while the top layer carries gate, auxiliary and sense signals. 
The chip top surface is sintered on the flexible circuit board and the chip bottom surface is 
sintered to the DBC substrate. The back of the DBC substrate is sintered to an aluminum pin fin 
water-cooled heat sink. The power terminals are also sintered to DBC. As a result, all 
interconnections are made with Ag sinter joints in the module to avoid the use of solder, wire 
bond, and thermal grease. A schematic cross section and a photo of SKiN module are shown in 
Figure 2-8 and Figure 2-9 respectively. 
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Figure 2-8. Schematic cross section of the SKiN 
device. 
Figure 2-9. Photo of a 400 A, 600 V dual IGBT 
SKiN device [22]. 
Figure 2-10 shows the power cycling capability of a SKiN module. The SKiN device holds 
up to 500k cycles (from 40 ˚C to 150 ˚C within a 10 sec. cycle), while the conventional power 
module exhibits the fatigue at 20k to 40k cycles.  
 
Figure 2-10. Power cycling capability of SKiN as a function of ∆Tj [22]. 
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Passive temperature cycling is a challenge for the integrated SKiN device. The DBC 
substrate starts to delaminate from the heat sink after several hundred cycles from -50 ˚C to 150 
˚C with a temperature rise and fall time of 3 ˚C/min. 
2.2.5 Mitsubishi Transfer Molded Power Module 
The J series transfer molded power module (T-PM) is released by Mitsubishi Electric in 
2011 for hybrid and electric vehicle applications, as shown in Figure 2-11 [24]. The power chips 
are bonded to the extended main terminal to eliminate the use of bond wire and reduce the wire 
resistance and inductance. The traditional DBA structure is replaced by a thick Cu / thermal 
conductive insulation layer (TCIL) / thin Cu structure. Transfer molding is applied, in which 
heated and pressurized resin is poured into a metal mold and enclosed. This method enables 
manufacturers to make multiple molds simultaneously and render power modules highly reliable. 
 
 
(a) Cross section schematic (b) Photo 
Figure 2-11. Transfer molded power module (T-PM) [24]. 
2.2.6 Summary 
Common failures in a packaged power module are often caused by thermal cycling due to 
the mismatching CTE of different materials. Improvement can be made in the three aspects of 
die interconnection, die attach, and DBC and baseplate connection. 
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For die interconnection, traditional Al wire bonding can be replaced by Al ribbon bonding, 
copper wire bonding or the flexible circuit board. For die attachment, the traditional solder 
process can be replaced by the diffusion soldering process or Ag sintering technology. For the 
DBC and baseplate connection, the high reliability soldering process with additional 
precipitations can be used for improvement. Direct cooling by eliminating the use of baseplate is 
another option. 
2.3 Wide Bandgap Power Devices 
Wide bandgap semiconductors have been developed rapidly recently. They have many 
advantages over Si devices such as high breakdown voltage, fast switching, low on-state 
resistance, high temperature capability, and high thermal conductivity [25]. The specific on-
resistance vs. blocking capability limits for conventional Si devices, SiC devices and GaN 
devices are compared and shown in Figure 2-12. However, they are still expensive and have 
limited commercial availability. 
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Figure 2-12. Specific on-resistance vs. blocking capability of various devices [25]. 
SiC diode is the first commercial SiC power semiconductor device. The commercial SiC 
Schottky diodes at the voltage rating from 600 V to 1200 V are available from Infineon, Cree 
and Semisouth [26]-[28]. The SiC Schottky diode has negligible reverse recovery and reduces 
the switching loss. 
SiC JFETs have good reliability and provide high temperature capability. However, they are 
usually normally-on devices, which require special gate drives. The normally-off JFETs have 
higher on-resistance, limited threshold voltage margin and a limited temperature capability. The 
SiC JFETs are available from Semisouth and Infineon [29]. 
 19 
SiC power MOSFETs operate normally-off and have less demand on the drive circuits. But 
its oxide layer has poor reliability under high temperatures [30]-[31]. The commercially 
available 1200 V SiC MOSFETs are available from Cree. 
Theoretically, GaN devices have superior performances over Si and SiC devices, due to their 
high electron mobility, high breakdown field and high electron velocity. However, today’s 
commercial GaN power electronics devices are still limited to low voltage applications, which 
usually have a blocking voltage below 200 V [32]-[33]. In the recent years, 600 V GaN devices 
have emerged, showing the advantages of fast switching and low on-state resistance [34]-[36]. 
2.4 Converters using High Temperature Coolant in HEV Applications 
Currently, hybrid electric vehicles use a separate liquid cooling system with the maximum 
coolant temperature at 65 ˚C, along with the maximum 105 ˚C engine cooling system. The 65 ˚C 
cooling system is used specially to remove the heat from the electric drive system due to the 
temperature limitations of power electronics. To reduce the cost and complexity, it is 
advantageous to eliminate the need for the 65 ˚C cooling loop and cool the power electronics 
with 105 ˚C engine coolant instead [1][4][37][38]. 
Up to date, several researchers have built converters that are capable of operating with high 
temperature WEG coolant [39]-[43].  
In [39], by utilizing the hybrid switch and soft-switching technique for loss reduction, a 55 
kW Si devices based three-phase inverter is built for coolant temperatures up to 90 ˚C as an 
intermediate step. However, this approach requires more usage of semiconductor devices as well 
as passives, leading to a trade-off between semiconductor cost and cooling system cost in a 
power module assembly.  
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In [40], a dc-dc boost converter comprised of SiC DMOSFETs and Schottky diodes is 
presented with 17 kW output power while using 90 ˚C liquid coolant. In [43], a silicon carbide 
(SiC) 5 kW dc-dc bidirectional boost converter is introduced for operation with 105 ˚C coolant. 
Although the wide bandgap devices have a higher junction temperature limit and low losses, they 
are emerging devices and costly. 
2.5 IGBT Junction Temperature Measurement 
The power semiconductor devices are required to operate at high junction temperatures due 
to the challenging thermal environment and the aggressive power density in HEV applications. 
Therefore the temperature control and thermal management become more of a concern.  
An accurate junction temperature measurement is an effective tool for converter prototype 
evaluation, which helps to determine the safe operating region and avoid the unnecessary safety 
margin regarding device operating temperatures, thus, increasing the power density or reducing 
the cooling requirement. 
 Traditional method to estimate the junction temperature by adhering the thermocouple to 
the heat sink is not accurate. Thermistor or sensing diode in contact with the case cannot indicate 
the device temperature accurately either due to the distance to the chip [44]-[45]. In [46]-[48], 
IGBT on-state voltage drop or gate threshold voltage are employed as TSEP for junction 
temperature estimation. However these methods are suitable for thermal impedance 
characterization, but not applicable for temperature measurement during converter operation. 
Some papers introduce the TSEPs that are adapted for on-line temperature measurement. In [49], 
the IGBT switching behavior as a function of temperature is investigated, with the conclusions 
that turn-on delay time and turn-off time are suitable to be used as TSEP for temperature 
measurement. However, the switching time can be easily affected by other parameters (voltage, 
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current, gate drive and circuit parasitics) than temperature, as explained in chapter 5. Also the 
temperature sensitivity of switching time is very limited, usually less than 2 ns/˚C. In [50], a 
method is proposed using the saturation current under the gate voltage, which is just higher than 
the threshold voltage. However, the temperature sensitivity is very low and it is nonlinear. In 
[51], the voltage with a high current injection is measured for temperature indication. But the 
voltage drop on the electrical connection can cause larger measurement errors. Therefore, it is 
important to find a TSEP which is suitable as an indicator of the junction temperature. 
2.6 Research Challenges and Objectives 
According to the literature survey, there are many unsolved issues and challenges in the 
development of the high temperature converter for hybrid electrical vehicles to meet the power 
density and cost target application. 
The main challenges include: 
(1) The characteristics and ruggedness of Si devices when operating at the elevated 
temperature of 200 ˚C are not clear. 
(2) The criteria for operating a Si device at 200 ˚C safely need to be defined in terms of safe 
operating area and thermal requirement. 
(3) The packaging technology and thermal management to support Si devices operating 
continuously at temperatures as high as 200 ˚C need investigation. 
(4) There are no effective methods to measure the device junction temperature during 
converter operation for the prototype evaluation. 
(5) The implementation of the converter using Si devices for operating with the 105 ˚C high 
temperature coolant in HEV has not been previously demonstrated. 
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(6) The advantages and feasibility of emerging 600 V GaN devices are not fully explored. 
The high temperature characteristics of the device remain unclear. 
Corresponding to the challenges discussed above, the objective of this work is to understand 
the potential and possible threats of Si devices operating at 200 ˚C and develop the guidelines for 
the development of a high temperature Si converter for operating with 105 ˚C high temperature 
coolant in HEV applications. Additionally, the emerging 600 V GaN HEMT is investigated as a 
potential candidate for future HEV applications. The work in this dissertation includes six parts: 
(1) Investigate the characteristics of operating Si IGBTs at the elevated temperature of 200 
˚C through experiments.   
(2) Evaluate Si IGBT ruggedness under high temperature operation conditions, including 
latch-up immunity, short circuit capability and avalanche capability. 
(3) Develop a Si IGBT phase-leg module for operating at 200 ˚C utilizing high temperature 
packaging technologies and appropriate thermal management. 
(4) Propose a method to measure the junction temperatures of IGBTs during the converter 
operation using temperature sensitive parameters for prototype evaluation. 
(5) Develop a 30 kW Si devices based converter for operating at the junction temperature of 
200 ˚C with 105 ˚C coolant. 
(6) Investigate the emerging 600 V GaN HEMT as a potential replacement of Si devices for 
high efficiency and high temperature in future HEV applications. 
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Chapter 3. Si IGBT Characterization at High Temperatures 
In this chapter, the feasibility of operating Si device at elevated temperatures as high as 200 
˚C is studied by device characterization and thermal analysis. The chapter is organized as 
follows: Section 3.2 discusses the selection of device for high temperature investigation. Section 
3.3 and 3.4 show the IGBT static and switching characteristics up to 200 ˚C respectively. Based 
on these characteristics, the impact of the increased junction temperature on converter loss and 
thermal management is presented in 3.5. Conclusions are drawn in 3.6. 
3.1 Introduction 
Power semiconductor switches play a critical role in the automotive electric traction drive 
systems. During their operation the switches generate relatively large amounts of heat in the 
order of hundreds of watts (W) per die, leading to their temperature increase. Semiconductor 
devices and the associated packaging materials ultimately dictate the inherent temperature 
limitations. 
Currently, hybrid electric vehicles use a separate liquid cooling system with the maximum 
coolant temperature at 65 ˚C, along with the maximum 105 ˚C engine cooling system. The 65 ˚C 
cooling system is used specially to remove the heat from the electric drive system due to the 
temperature limitations of power electronics. To reduce the cost and complexity, it is 
advantageous to eliminate the need for the 65 ˚C cooling loop and cool the power electronics 
with 105 ˚C engine coolant instead [1][4][37][38]. 
The challenging thermal environment as well as the aggressive power density and cost 
targets established by industry and government makes the high temperature operation of power 
electronics devices desirable [1]. Wide band gap semiconductor devices like SiC and GaN have 
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intrinsic high temperature capability and can theoretically operate at 500 ˚C. Some papers have 
developed the power converters for operating above the junction temperature of 200 ˚C, all with 
SiC devices [44]-[60]. However, they are emerging devices and costly. Considering the rising 
cost imposed by these newly developed techniques, it is meaningful to investigate the prospects 
for extending Si device junction temperatures to 200 ˚C as a lower-cost solution. 
State-of-the-art commercial silicon (Si) devices usually have a maximum junction 
temperature rated at 150 ˚C, with some devices rated at 175 ˚C. As an alternative, it is desirable 
to extend the Si device junction temperatures higher, e.g. to 200 ˚C for continuous operation as a 
lower-cost approach for meeting the thermal management challenges. Several researchers took 
the first steps by investigating the operation of Si devices at high temperatures up to 200 ˚C and 
drew initial conclusions [61]-[62]. In [61], the Si MOSFETs operating at 200 ˚C is investigated 
from the standpoint of thermal stability, and a closed loop thermal system and stability criteria is 
developed considering the higher leakage current loss. In [62], the 1200 V soft-punch-through 
(SPT) Si insulated gate bipolar transistor (IGBT) is characterized in terms of leakage current, 
avalanche capability and short circuit performance with experiments. It is found that thermal 
runaway sets the upper limit for the operating temperature, and the blocking condition cannot be 
maintained at 200 ˚C due to the high leakage current. 
Furthering the past work, this chapter evaluates the feasibility and issues of Si IGBT 
operating at 200 ˚C junction temperatures through device characterization and thermal analysis. 
Specifically, based on the specifications of HEVs, the 1200 V trench-gate field-stop Si IGBT 
rated at 175 ˚C is selected for study. The static and switching characteristics are tested at various 
temperatures. Based on these characteristics, the thermal requirement is given to allow the 
blocking condition at 200 ˚C without failure due to thermal runaway. Also the impact of the 
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increased device junction temperature on a traction drive converter loss and its thermal 
management is analyzed.  
3.2 Device Selection 
Trench-gate field-stop IGBT exhibits good potential for high temperature operation in terms 
of loss. Figure 3-1 shows the structure of the trench-gate field-stop IGBT. The trench gate 
structure shows superior characteristics of low on-state voltage drop due to an increased carrier 
concentration near the emitter [12][13]. The lightly doped field stop structure makes it possible 
to obtain the fast turn-off characteristics, which reduces the switching loss. Enabled by the 
structure, the commercial IGBTs rated at the temperature as high as 175 ˚C are available from 
Infineon, Fairchild, Microsemi, and etc. 
 
Figure 3-1. Structure of trench-gate filed-stop IGBT. 
The specifications of the three-phase converter under study are selected considering both 
Department of Energy (DOE) FreedomCAR targets [37] and the commercial HEVs [16],[63]-
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[65]. In DOE FreedomCAR targets, the continuous output power is 30 kW, and the peak output 
power for 18 seconds is 55 kW. The operating dc voltage rating is 200 V to 450 V and the 
nominal voltage is 325 V. However, there is a trend to increase the dc bus voltage to improve the 
system efficiency. In 2007 Toyota Camry hybrid electric drive system, the dc voltage rating is 
from 250 V to 650 V [65]. 
In the design in this dissertation, the dc link voltage is 650 V. The power rating for each 
phase-leg is 10 kW. Six phase-leg modules can be used for a six phase converter to achieve the 
55 kW output power and fault tolerance. Three phase-leg modules can be used for a three phase 
converter to achieve 30 kW output power. Assuming the modulation index of 1 is used for the 
rated voltage and the load power factor is 0.95, then the rms phase current and voltage is 46 A 
and 217 V respectively. 
So a 1200 V / 40 A trench-gate field-stop Si IGBT with soft, fast-recovery anti-parallel 
diode rated at 175 ˚C (IKW40N120H3) from Infineon is selected for study at higher temperature 
operation up to 200 ˚C. 
3.3 Si IGBT Static Characteristics 
The static characteristics are measured with Tektronix 371B high power curve tracer. The 
device is heated by a hot plate with its temperature monitored by the thermal couple as shown in 
Figure 3-2. 
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Figure 3-2. Test setup for static characterization at high temperatures. 
3.3.1 Output Characteristics 
Temperature effects on forward conduction characteristics and leakage current are 
characterized. Figure 3-3 shows the output characteristics of the IGBT and its anti-parallel diode 
at 200 ˚C. Since the relationship between the on-state current and voltage
 
is fairly linear, a linear 
approximation in (2-1) can be applied to the curves, 
tCECCE VRIV +⋅= , fAKFF VRIV +⋅=                               (2-1) 
where RCE and RAK represent the on-state resistances, while Vt and Vf represent the built-in 
voltages of the IGBT and diode respectively. The four parameters together determine the on-state 
voltage drop and thus conduction loss. Table 3-1 shows Vt, RCE, Vf and RAK measured at various 
temperatures. As the temperature rises, the on-state resistance increases because of carrier 
mobility reduction while the built-in voltage decreases due to a sharp increase in intrinsic carrier 
concentration. The parameters measured at 25 ˚C and 175 ˚C agree well with datasheet. Figure 
3-4 shows the on-state voltage drop as a function of junction temperature. The experiments are 
based on limited number of devices. 
High power 
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(a) IGBT (b) Anti-parallel diode 
Figure 3-3. Output characteristics of IGBT and the anti-parallel diode at 200 ˚C and their linear 
approximation. 
  
(a) IGBT (b) Anti-parallel diode 
Figure 3-4. On-state voltage drop of the IGBT and the anti-parallel diode as a function of junction 
temperature. 
Table 3-1 Parameters of IGBT Output Characteristics at Various Temperatures 
 25 ˚C 100 ˚C 175 ˚C 200 ˚C 
Vt 1 V 0.9 V 0.8 V 0.7 V 
RCE 26 mΩ 37 mΩ 49 mΩ 52 mΩ 
Vf 1.3 V 1.2 V 1.1 V 1.1 V 
RAK 23 mΩ 30 mΩ 35 mΩ 35 mΩ  
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3.3.2 DC Blocking Characteristics 
Leakage current is the sum of diffusion components in the neutral region and generation 
current in the depletion region. As the temperature goes up, the diffusion leakage current grows 
rapidly and becomes dominant. Figure 3-5 shows the leakage current of the IGBT with the anti-
paralleled diode at 650 V as a function of the junction temperature. At high temperatures, 
especially above 175 ˚C, the leakage current doubles every 5.2 degrees and reaches 16.6 mA at 
200 ˚C. From the curve fitting, the relationship between the junction temperature and the leakage 
current at 650 V can be expressed in (2-2). 
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leakageI  (A)                                             (2-2) 
 
Figure 3-5. IGBT and diode leakage current at 650 V as a function of junction temperature. 
The increased leakage current at high temperatures will cause additional power loss and 
possible thermal instability, which should be considered in the thermal design to prevent thermal 
runaway. 
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The leakage current caused power loss for one IGBT in a phase leg is half of the product of 
the dc bus voltage and the leakage current considering the current commutation, as is given in (2-
3). The critical thermal resistance allowing stable operation at 200 ˚C is the slope of the leakage 
current loss curve at 200 ˚C [61]. From the calculation in (2-4), the IGBT thermal resistance 
from junction to ambient should be less than 1.41 ˚C/W to prevent thermal runaway. This 
provides an important criterion in terms of thermal stability. In HEV applications, the 
semiconductors are cooled by liquid, which usually has smaller thermal resistance than air 
cooling and provides the benefit for satisfying the thermal stability requirement.    
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Besides, high temperature operation can give rise to thermal instabilities due to the easier 
current filament formation at higher temperatures even if the thermal performance stays within 
the limit. Thus the reliability of the device should be further studied under the harsh 
environmental conditions using a combination of standard tests including high temperature 
reverse bias (HTRB), high temperature gate bias (HTGB), temperature humidity bias (THB) and 
so on, which are not covered in this work. 
3.4 Si IGBT Switching Characteristics 
The switching performance of the Si IGBT is evaluated with an inductive load double-pulse 
tester. Figure 3-6 shows the circuit schematic of double pulse test (DPT) with over-current 
protection. The double pulse is generated by Agilent 33220 arbitrary waveform generator. The 
device under test (DUT) is driven by a high-speed, high-current gate driver IXDN409 from 
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IXYS, with gate voltage from 0 V to 15 V. A 0.1 Ω shunt resistor with the bandwidth of 2 GHz 
is connected in series with the device emitter terminal to measure the collector current. VGE and 
VCE are measured using the Tektronix voltage probes P6139 and P5100 respectively. The 
protection board is comprised of an IGBT with low on-state resistance and the gate driver 
IR2127 with de-saturation protection. When the protection board detects an over-current fault, 
the IGBT is turned off and limits the current. Figure 3-7 shows the hardware testbed for high 
temperature switching experiments. DUTs are connected to the hot plate through the copper 
connector with the case temperature monitored by thermocouples. The glass wool and fans are 
used to keep the PCB board (especially for shunt resistors and gate drivers) under 50˚C. Since 
the switching loss caused by two pulses is negligible, the DUT junction temperature can be 
regarded as the same as the case temperature. 
With the DPT hardware testbed, the IGBT switching characteristics are tested at 25 ˚C, 100 
˚C, 175 ˚C and 200 ˚C. The test conditions are: dc bus voltage VCC=650 V, collector current 
IC=40 A, gate-emitter voltage VGE=0.0 V/15.0 V, and gate resistance RG=12.0 Ω. 
 
 
 
 
Figure 3-6. High temperature experiment setup for 
switching characteristics test. 
Figure 3-7. Hardware testbed for high 
temperature switching experiments. 
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Figure 3-8 shows the IGBT switching characteristics during turn-on and turn-off transients 
at 200 ˚C. The device’s switching transients are captured at the end of the first pulse and 
beginning of the second pulse respectively under the pre-set collector-emitter voltage and 
collector current conditions. The switching time as well as switching energy at 25 ˚C, 100 ˚C, 
175 ˚C and 200 ˚C is summarized in Table 3-2 with the comparisons shown in Figure 3-9 and 
Figure 3-10. The definition of switching time and energy follow that used in the datasheet. 
The diode reverse recovery current as well as reverse recovery energy increases at high 
temperature due to an increase in the lifetime and number of minority carriers stored in the drift 
layer.  In addition, diode reverse recovery causes current overshoot and extra turn-on losses of 
the complementary IGBTs. The IGBT turn-on energy is increased at high temperature mainly 
due to the increased diode reverse recovery current, while the prolonged minority carrier lifetime 
slows down the IGBT turn-off speed and increases the turn-off energy. One alternative option is 
to use the combination of Si IGBT and SiC Schottky diode to reduce the switching loss, 
considering that SiC Schottky diode has very small reverse-recovery energy, which shows no 
significant increase with temperature [66]-[67]. 
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(a) Double pulse waveforms 
  
(b) Turn-on transient (c) Turn-off transient 
Figure 3-8. Waveforms of IGBT switching characteristics at 200˚C. 
Table 3-2 IGBT Switching Characteristic Values at Various Temperatures 
Parameter 25 ˚C 100 ˚C 175 ˚C 200 ˚C 
Turn on delay time td(on) 24.4 ns 21 ns 23.6 ns 20 ns 
Rise time tr  60.4 ns 62.6 ns 78.4 ns 80 ns 
Turn off delay time td(off) 278 ns 311.2 ns 380 ns 400 ns 
Fall time tf  38.8 ns 79.2 ns 120 ns 140 ns 
Turn-on energy Eon  3.19 mJ 3.99 mJ 4.50 mJ 4.61 mJ 
Turn-off energy Eoff  1.31 mJ 2.05 mJ 2.83 mJ 3.02 mJ 
Total switching energy Ets  4.50 mJ 6.04 mJ 7.33 mJ 7.63 mJ 
Diode reverse recovery energy 
Err 
109.1 µJ 227.8 µJ 416.6 µJ 639.8 µJ 
IC 
Turn-on Turn-off 
VCE 
VGE 
VGE 
IC 
VCE 
VCE 
IC 
VGE 
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Figure 3-9. Switching time as a function of junction 
temperature. 
Figure 3-10. Switching energy losses as a function of 
junction temperature. 
From the high temperature characterization, it is shown that the commercial 175 ˚C Si IGBT 
under test can be successfully switched at an elevated junction temperature of 200 ˚C with 
increased switching energy by 4.09 % compared with that at the rated temperature of 175 ˚C. 
3.5 Impact on Converter Power Loss and Thermal Management 
High temperature operation of Si devices causes more losses, as indicated in the device 
characterization. In this section, the impact of the increased device loss and junction temperature 
on a traction drive converter loss and converter thermal management is analyzed. As mentioned 
before, the power rating for each phase-leg of the three phase drive is 10 kW and the dc link 
voltage is 650 V. A minimum-loss space vector modulation (SVM) [68] is used for the three-
phase converter switching control. The total loss generated from power devices consists of 
conduction loss, switching loss and leakage current loss. For simplicity, the conduction loss and 
switching loss for one IGBT and diode cell are calculated based on a linear loss model [69]. 
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The switching loss is given by 
s
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++=                                         (2-5) 
In (2-5), Eon and Eoff are the rated IGBT turn-on loss, turn-off loss given for the reference 
commutation voltage and current Vrated and Irated. They are obtained from switching 
characterization. Vdc and I indicate the actual voltage and the averaging absolute value of current 
respectively. fs is the switching frequency. 
The conduction loss of the IGBT and diode is calculated with the closed-form equations, 
which is given by [69] 
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In (2-6) and (2-7), Vt and Vf are the threshold voltages of the IGBT and diode respectively, 
while Rce and Rak are the differential on-state resistances of the IGBT and diode respectively. 
These four parameters are obtained from the output characteristics evaluation. M is the 
modulation index defined as peak value of the phase voltage divided by half of the dc bus 
voltage. φ  is the displacement angle between the fundamental ac phase voltage and current. 
The leakage current loss given by 
dcleakageleakage VIP ⋅= 2
1
                                               (2-8) 
Figure 3-11 shows the power losses in one phase-leg, which increase with temperature. The 
total loss is increased by 7.40 % when the junction temperature increases from 175 ˚C to 200 ˚C. 
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Figure 3-11. Power losses in one phase-leg at various temperatures (fs=10 kHz). 
To keep the device junction temperature below allowable maximum junction temperature 
and prevent thermal runaway, certain thermal transfer capability is required, which is represented 
by thermal resistance and depends on the semiconductor packaging and cooling system.  
The relationship between junction temperature, ambient (coolant) temperature, power losses 
and thermal resistance can be expressed in equation (2-9). 
ambTHjlossambJ RPTT −⋅=−                                               (2-9) 
Where TJ is device junction temperature, Tamb is inlet coolant temperature, Ploss is power losses of 
semiconductor devices, and RTHj-amb is thermal resistance from device junction to inlet coolant. 
From the losses obtained above, the IGBT thermal resistances required corresponding to 
various phase-leg power ratings are calculated for operation at 175 ˚C and 200 ˚C respectively 
with the 105 ˚C engine coolant, as shown in Figure 3-12. 
Figure 3-12 reveals the potential to increase the power density or reduce the cooling 
requirement by extending the junction temperature from 175 ˚C to 200 ˚C despite the higher 
losses. On the one hand, for a fixed thermal resistance of 1.03 ˚C/W, the power rating of the 
phase-leg can be enhanced by 15% from 8.7 kW to 10 kW. On the other hand, if the power rating 
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is fixed at 10 kW, the thermal resistance from junction to ambient can be increased from 0.825 
˚C/W to 1.03 ˚C/W. Considering that the thermal resistance from junction to case can be as high 
as 0.5 ˚C/W, the cooling requirement is greatly reduced and much easier to achieve for the 200˚C 
case. 
 
 
 
 Figure 3-12. Thermal resistance required for various rated power at 175 ˚C and 200 ˚C.  
To further evaluate the feasibility of operating IGBTs at 200 ˚C with 105 ˚C coolant, the 200 
˚C semiconductor operation is compared with the lower temperature operation in today’s HEVs 
in terms of power density, thermal management, efficiency and cost. The power semiconductors 
in today’s HEVs usually have a maximum junction temperature of 150 ˚C with 65 ˚C coolant. 
Thus a 1200 V/40 A trench-gate field-stop IGBT rated at 150 ˚C from Infineon (IGW40T120) is 
selected for loss calculation in the commercial case. The losses for the device are calculated 
based on its datasheet under the same operation conditions. The IGBT thermal resistance 
required for a 10 kW phase leg is calculated in two cases. The IGBT thermal resistance in the 
commercial case is 1.044 ˚C/W, which is only 0.014 ˚C/W larger than that in the proposed 
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commercial case. As a result, by extending the junction temperature to 200 ˚C and keeping the 
same power density and thermal resistance, the additional 65 ˚C coolant can be eliminated, 
which leads to lower cost, weight and volume. The trade-off is that the efficiency is decreased by 
0.2 percent from 98.3 % to 98.1 %. 
3.6 Summary 
The chapter presents the characterization of Si IGBT operating at 200 ˚C junction 
temperatures for traction applications. The 1200 V trench-gate field-stop IGBT rated at 175 ˚C is 
selected for the study. Through device characterization, it is shown that the commercial 175 ˚C 
Si IGBT under test can be successfully switched at an elevated junction temperature of 200 ˚C 
with increased but acceptable losses. The thermal requirement is given to allow the reverse 
blocking condition at 200 ˚C without thermal runaway. Also the impact of the increased junction 
temperature on a traction drive converter loss and thermal management is analyzed, showing an 
enhancement of power density or the decrease of the cooling requirement. Comparing with the 
power semiconductor operation in commercial HEVs, by extending the junction temperature to 
200 ˚C without compromising power density and thermal management design, the additional 65 
˚C coolant can be eliminated with the trade-off of the decreased efficiency by 0.2 percent. 
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Chapter 4. Si IGBT Ruggedness Evaluation at High 
Temperatures 
This chapter investigates Si IGBT ruggedness under high temperature operation conditions 
by evaluating latch-up immunity, short circuit capability and avalanche capability through 
experiments. The chapter is organized as follows: The short circuit capability evaluation is 
shown in 4.2. The latch-up immunity evaluation is given in 4.3. The avalanche capability of 
several kinds of Si IGBT is given in 4.4. Conclusions are drawn in 4.5. 
4.1 Introduction 
IGBTs are widely employed in hard-switching applications, where they are required to turn 
on or turn off rated current with full bus voltage across the terminals, and also survive during 
malfunctions of systems like short circuit conditions. 
In order to withstand the high-stress conditions, these power devices are required to have 
robust SOA. The SOA is generally referred as the current-voltage boundary within which a 
power device can operate without destructive failure. The SOA of an IGBT can be divided into 
three boundaries. Maximum current is typically limited by latch-up of the parasitic thyristor. 
Usually the de-saturation current is set far below the latch-up current level to prevent such kind 
of failure. Maximum voltage is limited by breakdown voltage. Maximum power dissipation 
corresponding to maximum allowed temperature rise is also a limitation. 
When temperature increases, the latch-up current is decreased because the current gains of 
the NPN and PNP transistors within IGBT increase. The static avalanche breakdown voltage 
increases with the temperature due to the decrease in impact ionization coefficient with 
temperature. However, the avalanche capability to suppress the turn-off voltage spike is reduced. 
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Besides, the short circuit capability is also an important issue related to device ruggedness in 
high temperature operation, especially in practical motor drive applications. To ensure the safe 
and reliable operation of IGBT at 200 ˚C, it is necessary to evaluate the high temperature 
ruggedness of IGBT by testing the SOA limits. 
Some literatures discussed the temperature dependence of device ruggedness. Various short 
circuit failure mechanisms are discussed in [70]-[76]. In [70], destruction is observed during 
turn-off period caused by overvoltage. These are the transition failures during turn-on or turn-off. 
In [71]-[74], short circuit destruction is observed several hundred microseconds after turning off 
the gate. The failure is described as thermal runaway caused by leakage current. These failures 
belong to the excessive power loss during the steady state. The IGBT latch-up mechanisms are 
discussed in [77]-[79]. In [77], it is shown that destruction due to the latch-up can occur resulting 
from turning the gate off before the device voltage rises to dc bus voltage. In [80]-[85], the 
device ruggedness corresponding to the turn-off capability and failure dynamics are discussed. 
However, these references do not have experimental results on Si devices operation at 
temperatures as high as 200 ˚C. A systematic and comprehensive assessment of IGBT 
ruggedness operating at 200 ˚C is needed for traction applications. 
This chapter provides a comprehensive evaluation of Si IGBT ruggedness at high 
temperature operation through experiments. The test circuits are proposed for ruggedness 
evaluation and the hardware is setup accordingly. The possible failure mechanisms including 
latching, short circuit fault, and avalanche capability are tested at elevated temperatures. The 
criteria considering latch-up immunity, short circuit capability and avalanche capability are given 
at 200 ˚C to ensure the safe and reliable operation of Si IGBTs. 
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4.2 Short Circuit Capability 
4.2.1 Short Circuit Conditions and Test Circuits 
In a typical motor drive system, the short circuit can happen in various conditions [86], as 
shown in Figure 4-1. Arm short circuit is caused by the destruction of IGBT or diode. Series arm 
short circuit usually results from fault control signals. Short circuit can also happen between 
phase to phase, phase to dc bus +/- terminals, or across the motor terminals.  
The four short circuit modes listed above result in different fault current profiles. In arm 
short circuit, IGBT turn on into a short circuit, which is called hard switching fault (HSF). In 
series arm short circuit, initially an IGBT is in normal conduction; then the complementary 
IGBT is turned on by fault signal, causing a shoot-through. Since in this case, the short circuit is 
applied to an IGBT already on, it is called fault under load (FUL). When short circuit takes place 
in output circuit, depending on where it happens, the short circuit current goes through certain 
amount of inductance.  
Figure 4-2 shows the waveforms of three short circuit conditions. In HSF, initially IGBT is 
off and dc bus voltage is supported across the device. At t1, the device is turned on to short 
circuit. A notch on the VCE is observed when the voltage drops on the resistive and inductive 
parasitic elements of the circuit. At t2, the device is turned off. The fault current falls quickly and 
causes an overshoot of VCE. The voltage spike is determined by both the turn-off speed and loop 
inductance. In FUL, at t1, IGBT is turned on and the voltage across the device VCE is low. At t2, a 
short circuit is applied to the device. The current increases quickly and enters active region. The 
rise of VCE charges the miller capacitor and thus pumps the gate voltage VGE. The collector 
current shows a peak due to the increase of the gate voltage. In short circuit through large 
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inductance, the di/dt at turn on is low and it delays the IGBT saturation. Under this condition, the 
device can survive a longer short circuit time. 
  
(a) Arm short circuit (b) Series arm short circuit 
  
(c) Short in output circuit (d) Ground fault 
Figure 4-1. Short circuit modes. 
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(a) Hard switching fault (b) Fault under load 
 
(c) Short circuit through large inductance 
Figure 4-2. Types of short circuit fault conditions. 
To evaluate the short circuit properties of IGBT, test circuits corresponding to three different 
types of short circuit conditions are proposed and shown in Figure 4-3. In Figure 4-3 (a), the test 
circuit is composed of dc power supply, DUT, protection IGBT and series IGBTs. The series 
IGBTs control whether the dc bus voltage is applied to DUT. The protection IGBT is driven by 
IR2127, a gate drive with de-saturation protection. The protection IGBT is activated at the 
t1 t2 t3
VGE
VCE
IC
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occurrence of DUT destruction and disconnects the dc bus with DUT in a few microseconds. In 
Figure 4-3 (b), the inductive load is used to limit the current after DUT is turned on. An 
additional control IGBT is connected in parallel with the inductor. By turning on the control 
IGBT, the short circuit is applied to DUT that is already conducting. In Figure 4-3 (c), an 
inductor in connected in the loop. After DUT is turned on, the current rises linearly and then 
enters the active region.  
Figure 4-4 shows the hardware testbed for short circuit evaluation experiments under 
different short circuit conditions. The gate signal generation board provides the gate signals for 
DUT, series and control switches. DUT is driven by a high-speed, high-current gate driver 
IXDN409 from IXYS. Bulk capacitor should be placed close to DUT to minimize ringing during 
short circuit transients. The collector current is monitored with a shunt resistor of 0.015 Ω with 
high bandwidth.  
DUT is connected to the hot plate through the copper connector with the case temperature 
monitored by thermal couples. In real applications, IGBTs are attached to the heat-sink with air 
or liquid cooling. However, these cooling conditions can be ignored for the short circuit analysis 
which happens within sub-milliseconds. It is because low thermal conductivity of the thick 
solder is reported to take at least 500 µs until the heat sink fin works effectively to cool the 
silicon die. Some glass wools fill the gap between circuit board and hot plate to keep the board 
temperature below 50 ˚C. 
 With the proposed circuit and hardware setup, the high temperature short circuit capability 
of Si IGBT is fully evaluated under different conditions with respect to different failure 
mechanisms. 
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(a) Circuit schematic and gate signal for short circuit evaluation in hard switching fault condition 
 
(b) Circuit schematic and gate signal for short circuit evaluation in fault under load condition 
 
 
(c) Circuit schematic and gate signal for testing short circuit through large inductance 
Figure 4-3. Circuit schematic and gate signal for evaluation of different types of short circuit conditions. 
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Figure 4-4. Hardware testbed for short circuit capability evaluation. 
4.2.2 Short Circuit Failure by Thermal Destruction 
During a short circuit, IGBT has to sustain both high voltage and high current at the same 
time, which can cause a significant increase in the localized device temperature from the high 
power dissipation. High localized temperature beyond a critical value abates the devices’ 
capability to sustain the collector-emitter voltage and can cause the destruction of the device.  
When operating at high temperatures, the short circuit energy as well as short circuit 
withstand time are reduced due to the higher initial temperature. IGBT manufacturers generally 
guarantee 10 µs of the short circuit withstand time below the maximum junction temperature. 
For operation of IGBT at the elevated temperature of 200 ˚C, short circuit ruggedness needs 
experimental evaluation. 
In the experiment, DUT is under short circuit condition until thermal destruction. The 
measuring conditions are: gate-emitter voltage VGE=15 V/0 V, gate resistance RG=12 Ω, dc 
voltage VDC=650 V, junction temperature Tj=25 ˚C /200 ˚C. 
DUT Series SW Over current protection board 
Glass wool Thermometer Hot plate 
Gate signal 
generation board Bulk capacitor 
Control 
SW 
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Figure 4-5 shows the short circuit failure by thermal destruction at 25 ˚C under short circuit 
through inductance, HSF and FUL conditions respectively. In Figure 4-5 (a), at t1, dc bus voltage 
is applied to DUT by turning on series IGBTs. After DUT is turned on at t2, the collector current 
ramps up at a rate of Vdc/L until the device reaches the active region at t3, when the current 
reaches a peak of 162 A, which is about four times of its rated current. After t3, the current 
gradually decreases with time. This is because the short-circuit energy consumption in the device 
increases the device temperature as well as the MOS-channel resistance. At t4, the device is 
thermally damaged and can no longer sustain the voltage. The current continue to rises up as the 
inductor is charged by dc bus voltage. The series IGBTs are turned off after 40 µs to disconnect 
the dc bus voltage. Here the short circuit withstand time (SCWT) is calculated from t3 to t4 in a 
conservative way.  
In Figure 4-5 (b), a hard switching short circuit fault occurs at t2 and DUT enters active 
region quickly. The current reaches a peak of 162 A and then gradually decreases with time until 
it is thermally damaged at t3. After that, since the current is only limited by stray inductance in 
the loop, it goes up very quickly. The high current activates the protection IGBT, which is then 
turned off and disconnects dc power supply at t4. 
In Figure 4-5 (c), at t2, DUT is turned on and goes into normal conduction. At t3, the control 
IGBT is turned on and shorts the inductor, which makes a fault under load to DUT. The collector 
to emitter voltage of DUT increases quickly, which boost the gate voltage through miller 
capacitance and further increase the short circuit current. The peak current reaches 175 A. Then 
DUT is destructed by thermal at t4 and dc bus voltage is removed at t5. 
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(a) Short circuit through large inductance (b) HSF 
 
(c) FUL 
Figure 4-5. Short circuit failure by thermal destruction at 25 ˚C. 
When operating at high temperatures, it has smaller short circuit peak current. However, due 
to the higher initial temperature, the short circuit energy as well as short circuit withstand time 
are reduced. Figure 4-6 shows the short circuit failure by thermal destruction at 200 ˚C in 
different short circuit conditions. Take HSF for example, the peak current is 125 A at 200 ˚C 
compared with 162 A at 25 ˚C. The SCWT is reduced to 54 µs at 200 ˚C compared with 58 µs at 
25 ˚C. The short circuit withstand time in different conditions at both 25 ˚C and 200 ˚C are listed 
in Table 4-1. 
Series SW VGE 
t5 t4 
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t3 t2 t1 
DUT IC 
DUT VCE 
DUT VGE 
t1 t2 t3 t4 
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DUT IC 
Series SW VGE 
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(a) Short circuit through large inductance (b) HSF 
 
(c) FUL 
Figure 4-6. Short circuit failure by thermal destruction at 200 ˚C. 
Table 4-1 Short Circuit Withstand Time in Different Conditions at 25 ˚C / 200 ˚C 
Short circuit withstand time (µs) Temperature 25 ºC 200 ºC 
Types of short circuit fault 
Short circuit through large inductance 62 µs 54 µs 
Hard switching fault 58 µs 54 µs 
Fault under load 58 µs 52 µs 
After the destructive tests, each time the impedance between the DUT pins after destruction 
are measured.  The typical value is shown below: RGE=7.5 Ω, RGC=7.5 Ω and RCE=0.3 Ω. It 
shows that device failure is not caused from the wire lifting-off from over conduction current. 
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t4 t3 t2 t1 
DUT VCE 
Series SW VGE 
DUT IC 
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t3 t4 
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4.2.3 Short Circuit Failure by Thermal Runaway 
Besides the destruction due to over energy consumption, it is reported that field-stop IGBTs 
exhibit a peculiar failure mechanism, further limiting the critical short circuit energy and 
withstand time. The destruction of IGBT is observed during the blocking state after a few 
hundred microseconds of the short-circuit turn-off condition. 
During the short circuit, the p-well/n-drift junction has the hottest region, where it has the 
highest electric field as well as the largest local current density. The backside region has less 
electric heat generation because of the lower electric field. After short circuit turn-off, however, 
the heat flow from the device surface is propagated through the bulk and causes the temperature 
rise as well as large leakage current in the backside layers, as shown in Figure 4-7. When the 
heat generation produced by high temperature leakage current exceeds a critical value, the device 
is destroyed by thermal runaway even though it is turned off. 
Since field-stop IGBT has smaller silicon volume as well as heat capacity compared to other 
structures, it has a higher device temperature after the turn-off with the same short circuit energy 
and tends to have such kind of short circuit failure more easily. 
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Figure 4-7. Heat spreading in FS-IGBT after short circuit turn-off. 
Experiments are conducted with the proposed test circuits. The test conditions are: gate-
emitter voltage VGE=15 V/0 V, gate resistance RG=12 Ω, dc bus voltage VDC=650 V, junction 
temperature Tj=25 ˚C / 200 ˚C. Figure 4-8 shows the measured results of the short circuit 
waveforms in hard switching fault condition at 25 ˚C. In Figure 4-8 (a), the short circuit pulse is 
32 µs. The device is turned off safely without any destruction. In Figure 4-8 (b), the short circuit 
pulse is extended to 38 µs. The device looks as if it has safely turned-off but destruction happens 
at 86 µs after turn-off. The device cannot sustain the dc bus voltage and current increases 
quickly. The large current activates the protection IGBT, which opens the short circuit loop soon 
to prevent the test circuit from being damaged. 
The critical short circuit time can be defined by conditions where the maximum pulse width 
is applied under a dc bus voltage of 650 V, with a gate-driving voltage of 15 V until device 
failure occurs. The critical short circuit time is reduced when operating at high temperatures. 
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Figure 4-9 shows the measured results of the short circuit waveforms in hard switching fault 
condition at 200 ˚C. The critical short circuit time is reduced to 22 µs. When short circuit 
happens through high inductance or in fault under load condition, similar failures due to thermal 
runaway are observed once the applied short circuit pulse time exceeds the critical time, as 
shown in Figure 4-10. 
  
(a) IGBT is turned off safely when short circuit pulse of 
32 µs is applied at 25 ˚C. 
(b) IGBT is destructed at 86 µs after turn-off. The short 
circuit pulse of 38 µs is destructed at 25 ˚C. 
Figure 4-8. Short circuit failure by thermal runaway in HSF condition at 25 ˚C. 
 
  
(a) IGBT is turned off safely when short circuit pulse of 
22 µs is applied at 200 ˚C. 
(b) IGBT is destructed at 164 µs after turn-off. The short 
circuit pulse of 25 µs is destructed at 200 ˚C. 
Figure 4-9. Short circuit failure by thermal runaway in HSF condition at 200 ˚C. 
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(a) Short circuit failure in FUL condition. IGBT is 
destructed at 152 µs after turn-off. The short circuit 
pulse of 36 µs is destructed at 25 ˚C. 
(b) Short circuit failure through large inductance. IGBT 
is destructed at 84 µs after turn-off. The short circuit 
pulse of 44 µs is destructed at 25 ˚C. 
Figure 4-10. Short circuit failure by thermal runaway through large inductance and in FUL condition at 
25˚C. 
Experimental results show that the 1200 V / 40 A field-stop IGBT has the short circuit 
failure by the thermal run-away during the off state due to the high temperature leakage current 
caused by heat spreading after short circuit turn-off. IGBT should be turned off within the critical 
short circuit time in order to prevent it from destruction. Table 4-2 lists the critical short circuit 
time in different short circuit conditions at various temperatures. The experimental results show 
that FUL is the worst case, the critical short circuit time of which at 200 ˚C is about 65 % of that 
at 25 ˚C. However, it is still adequate for protection. 
Table 4-2 Critical Short Circuit Time in Different Conditions at 25 ˚C /200 ˚C 
Critical short circuit time (µs) Temperature 25 ˚C 200 ˚C 
Types of short circuit fault 
Short circuit through large inductance 36 µs 28 µs 
Hard switching fault 32 µs 22 µs 
Fault under load 32 µs 21 µs 
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4.3 Latch-up Immunity 
Latch-up means IGBT is tied to a state of continuous current conduction and gate voltage 
has no influence on output collector current. It is reported that turning the gate off before the 
device voltage rises completely to the clamped value could lead to the destruction of IGBT due 
to latch-up [77]. After the device is turned on, the current through the device ramps up. Once the 
gate is turned off, flow of electrons through the channel is cut off. Holes continue to inject from 
IGBT collector. This process stops when electrons in IGBT N-base are depleted. At this point 
IGBT current is almost all hole current. Large number of holes flow under the N-base region. If 
the IGBT does not reach the clamp voltage, the IGBT can latch up and fail. 
At high temperature operation, the latch-up current is decreased because the current gains of 
the NPN and PNP transistors increase. The effect is further aggravated by an increase in the 
resistance of the P base region due to the mobility reduction. Also, the turn-off speeds have 
influence on the latching phenomenon. If the turn-off process is slowed down, a major fraction 
of inrushing holes will recombine in the drift zone and reduce the chance of latching. 
For today’s commercial IGBTs, they have good latch-up immunity with latch-up suppressed 
designs, which employ the heavily doped P-base region underneath the N-emitter structure, 
sufficient emitter ballast resistance, or optimized bipolar current gain. The trench-gate IGBT 
structure further improves the latching current capability in comparison with the conventional 
IGBT [78]. In conventional structure, the hole current mainly flow horizontally underneath the 
N-emitter, which causes a potential voltage drop and latch-up. In trench-gate IGBT, the hole 
current flows vertically. By using a shallow P+ region with proper ratios of the trench and 
diffusion regions, the device becomes more latchup-resistant.  
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The test circuit for latch-up immunity evaluation is similar to that of short circuit capability 
evaluation under large inductance, as shown in Figure 4-3 (c). The experiment is conducted to 
evaluate the latch-up immunity of the IGBT at various temperatures. The test conditions are: 
gate-emitter voltage VGE=15 V / 0 V, gate resistance RG=12 Ω, junction temperature Tj=25 ˚C / 
200 ˚C. In Figure 4-11, after the IGBT is turned on at t2, the current increases. At t3, the IGBT 
has just entered the active region and collector current is 165 A at 25 ˚C and 122 A at 200 ˚C. At 
the time the gate signal is brought down to zero abruptly right before the voltage reaches the 
clamped value. The IGBT is turned off safely without latch-up either at 25 ˚C and 200 ˚C. 
  
(a) Latch-up immunity evaluation at 25 ˚C (b) Latch-up immunity evaluation at 200 ˚C 
Figure 4-11. Latch-up immunity evaluation at 25 ˚C and 200 ˚C. 
The evaluation is then conducted in extreme conditions: The gate voltage VGE is increased to 
from 15 V to 30 V to prevent the IGBT from de-saturation at a low current level. The gate 
resistance is reduced from 12 Ω to 3 Ω to increase the turn-off speed. Also the ambient 
temperature is increased to 250 ˚C. In Figure 4-12 (a), it is shown that IGBT turned off the 
current of 300A with a small gate resistance (3 Ω) at 250 ˚C. The turn off transients is zoomed in 
and shown in Figure 4-12 (b). Figure 4-12 (c) shows the corresponding switching locus of the 
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turn-off transients compared with the SOA defined in the datasheet. From the experimental 
results, it is demonstrated that the IGBT shows very good latch-up immunity even at very high 
temperatures. 
 
 
 
(a) Switching waveforms of VGE, VCE and IC in latch-up 
evaluation 
(b) Waveforms of VCE and IC in turn-off transients in 
latch-up evaluation 
 
(c) Switching locus of turn-off transient in latch-up evaluation 
Figure 4-12. Latch-up immunity evaluation in extreme conditions: gate voltage VGE=30V, gate resistance 
RG=3 Ω, ambient temperature T=250 ˚C. 
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4.4 Avalanche Capability 
During turn-off transients of IGBT, the high di/dt causes the voltage spike resulting from the 
parasitic inductance, which could subject the IGBT to overvoltage stress. In this section, the 
IGBT turn-off capability is evaluated at various temperatures up to 200 ˚C as the guidance for 
practical applications. 
A large stray inductance of 1.25 µH is employed in the circuit. When the gate voltage of the 
DUT is turned off, the current begins to commutate from the DUT to the upper diode. The 
decreasing current in the stray inductance causes a voltage spike. Figure 4-13 shows the turn-off 
transients of the DUT with various dc bus voltages. The dc bus voltage VDC is increased from 
600 V to 850 V in the increment of 50 V while the current IC is kept at 40 A. In normal 
conditions, the voltage spike increases with higher dc bus voltage. In Figure 4-13, however, it is 
observed that the voltage spike of VCE is suppressed to 1350 V when various dc bus voltages are 
applied, which means DUT enters the avalanche sustaining mode. With VDC increasing, the 
avalanche sustaining time increases until DUT fails. 
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Figure 4-13. VCE voltage at turn-off with various VDC applied when IGBT enters the dynamic avalanche mode 
at 25 ˚C. 
Figure 4-14 shows the safe and failed turn-off transition at 25 ˚C with the dc bus voltage at 
800V and 850V respectively. In Figure 4-14 (a), after the turn-off gate voltage is applied, VCE 
starts rising up and then enters the avalanche sustaining mode. The stressful condition finishes 
when IC decreases to zero and all the energy stored in the stray inductance is transferred to DUT. 
Then VCE falls to the dc bus voltage and DUT is turned off safely. In Figure 4-14 (b), VCE is not 
sustained at VDC after the voltage spike and collapses to zero. DUT is damaged and loses its dc 
blocking capability. The avalanche sustaining time is 70 ns at 25 ˚C, which is defined as the 
period from the time when the avalanche starts to the time when voltage collapses. 
The avalanche capability of DUT is further evaluated at 200 ˚C, as shown in Figure 4-15. 
The avalanche sustaining time is reduced to 35 ns. The shortened failure time occurs due to the 
elevated temperature before self-heating begins. However, it is also observed that the turn-off 
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speed is slowed down at high temperature and delays the avalanche. As a result, the IGBT can 
still be turned off with VDC at 800V at 200 ˚C. 
  
(a) Safe turn-off transition when VDC=800 V, IC=40 A (b) Failed turn-off transition when VDC=850 V, IC=40 A 
Figure 4-14. Safe and failed turn-off transition at 25 ˚C in clamping inductive test. 
  
(a) Safe turn-off transition when VDC=800 V, IC=40 A (b) Failed turn-off transition when VDC=850 V, IC=40 A 
Figure 4-15. Safe and failed turn-off transition at 200 ˚C in clamping inductive test. 
The experimental results show that the 1200 V IGBT can be turned off safely in the wide 
temperature range from 25˚C to 200 ˚C as long as it is not operated exceeding the rated voltage. 
However, it has limited avalanche capability and cannot be subjected to the over voltage stress. 
Some IGBTs, mostly low-voltage IGBTs, have improved avalanche capability and offer 
certain circuit design advantages. The ruggedness of a 600 V/6.3 A IGBT from IXYS 
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(IRG4IBC20KDPbF) is evaluated in the unclamped inductive switching (UIS) test with an 
inductive load of 500 µH. The test conditions are: gate-emitter voltage VGE=15 V/0 V, gate 
resistance RG=12 Ω, dc bus voltage VDC=300V, collector current IC=10A, junction temperature 
Tj=25 ˚C /200 ˚C. 
The experimental waveforms are shown in Figure 4-16. When IGBT is turned off, the 
collector to emitter voltage VCE of DUT is driven to a high value by the inductor. DUT enters 
the avalanche-sustaining mode until it fails. At 25 ˚C, the voltage is clamped at 720 V and IGBT 
sustains in the avalanche mode for 7 µs. At 200 ˚C, the voltage is clamped at 600 V and IGBT 
sustains in the avalanche mode for 1.5 µs. The avalanche sustaining time as well as the energy 
dissipated during the sustaining time is considerably reduced at 200 ˚C. 
  
(a) UIS test at 25 ˚C (b) UIS test at 200 ˚C 
Figure 4-16. Unclamped inductive switching tests of 600V IXYS IGBT at 25 ˚C and 200 ˚C. 
In conclusion, the 1200 V IGBTs under test have very limited avalanche capability. It is 
critical that the turn-off spike voltage is below the rated voltage, especially for severe conditions 
such as the turn-off after the short circuit occurs. If necessary, some external overvoltage 
protections are needed such as voltage clamps, snubbers and gate-controlled soft turn-off. For 
those IGBTs with avalanche capability, they give the users the freedom in designing the systems 
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without external voltage clampers or leaving less voltage margin. However, it should be noted in 
the design that the avalanche capability is considerably reduced at high temperatures. 
4.5 Summary 
This chapter provides a comprehensive evaluation of Si IGBT ruggedness at high 
temperature operation through experiments. The IGBT shows very good latch-up immunity even 
at very high temperatures. The short circuit capability is decreased at high temperatures, but it is 
still adequate for protection. The critical short circuit time is given at 200 ˚C within which the 
IGBT should be turned off in order to prevent it from destruction. The IGBT can be turned off 
safely in the wide temperature range from 25˚C to 200 ˚C as long as it is not operated exceeding 
the rated voltage. However, it has limited avalanche capability and cannot be subjected to the 
over voltage stress. The important criteria considering latch-up immunity, short circuit capability 
and avalanche capability are given to ensure the safe and reliable operation of Si IGBTs at 200˚C. 
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Chapter 5. Si IGBT High Temperature Phase-leg Module 
Development 
In this chapter, a Si IGBT phase-leg module is developed for operating at 200 ˚C in HEV 
applications utilizing the high temperature packaging technologies and appropriate thermal 
management. A 10 kW buck converter composed of this module assembly is built and operated 
at the junction temperature up to 200 ˚C. The experimental results demonstrate the feasibility of 
operating Si devices based converters continuously at 200 ˚C. The chapter is organized as 
follows: Section 5.2 presents the design and electrical characterization of the high temperature 
power module. Section 5.3 shows the thermal management design and thermal performance 
evaluation with experiments. Section 5.4 provides the experimental results of the module 
operating continuously at 200 ˚C. Conclusions are drawn in Section 5.5. 
5.1 Introduction 
The challenging thermal environment in HEVs as well as the aggressive power density and 
cost targets established by industry and government makes the high temperature operation of 
power electronics devices desirable. 
Up to date, some papers have developed the power converters for operating above the 
junction temperature of 200 ˚C, all with SiC devices [44]-[58]. The design of 250 ˚C phase-leg 
power modules utilizing paralleled SiC power JFET devices is reported in [44]-[53]. In [54]-
[56], a power module that integrates SiC power JFETs with silicon-on-insulator (SOI) control 
electronics is developed. The SiC three-phase inverter is tested to 4 kW with the estimated 
junction temperature of 300 ˚C. However, these converters are operated without the 
measurement of junction temperatures. Most of them are operated with the case temperature 
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monitored by the integrated thermocouples, while a few of them obtain the junction temperature 
estimated by case temperature and thermal simulation [53]. The missing or inaccurate 
information of junction temperatures limit the pushing of power rating of the converters because 
more safety margin is needed. 
Considering the rising cost imposed by these newly developed techniques, it is meaningful 
to investigate the prospects for extending Si device junction temperatures to 200 ˚C as a lower-
cost solution.  
In chapter 3 and 4, it is demonstrated that Si trench-gate field-stop IGBT can successfully 
operate in the pulse test at the extended temperature of 200 ˚C with elevated but acceptable 
losses and adequate ruggedness. The continuous operation of Si device based converters at the 
junction temperature of 200 ˚C need to be evaluated through experiments to further investigate 
the feasibility of Si IGBT operating at high temperatures. 
Further the past work, the objective of this chapter is to determine the feasibility of 
operating Si devices based converters continuously at 200 ˚C and to take full advantage of the 
converter high temperature operation through measurement of the device junction temperature. 
Specifically, a 200 ˚C Si IGBT phase-leg module has been developed utilizing the high 
temperature packaging technologies and appropriate thermal management. Both electrical and 
thermal performance is characterized through experiments. The switching time is employed as 
the TSEP for junction temperature measurement. A 10 kW buck converter composed of the 
phase-leg module is operated successfully with the device junction temperature heated up to 200 
˚C, which demonstrates the high temperature capability of the designed package module. The 
design approach as well as the test procedure presented in this paper can be used as the guideline 
for the high-temperature operation of Si converters. 
 64 
5.2 Phase-leg Module Design and Characterization 
5.2.1 Module Design and Fabrication 
The presented high temperature phase-leg power module utilizes Si IGBTs and diodes, and 
is designed for multi-kilowatts and 200 ˚C operation. Two Si IGBT and two Si diode dies from 
Infineon Technologies with maximum ratings of 1200 V, 50 A, 175 ˚C are employed for power 
switches. The conventional wire-bonding technology is adopted. The materials for each part of 
the package are selected for high temperature operation and listed in Table I with the 
corresponding dimensions. The Al2O3 direct bonded copper (DBC) is used as the substrate, and 
the finishing metallization of electroplated Ag is added to prevent the oxidation of the bare 
copper. The die attachment material is Au80Sn20 solder with the preferred thickness of 200 µm 
and a melting temperature of 280 ˚C. Aluminum wires of 10 mils are selected for wire-bonding 
with a maximum current rating of 22 A for each wire [87]. To enhance reliability, copper lead 
frame is used as connection terminal instead of pole connection. The encapsulant of the whole 
module is Nusil R-2188. Figs. 1 (a) and (b) show the schematic of the phase-leg module and its 
layout design. The fabricated power module is shown in Fig. 1 (c). 
   
(a) Phase-leg schematic (b) Layout design                                 (c) Fabricated power module 
Figure 5-1. Design and fabrication of the high temperature phase-leg power module. 
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Table 5-1 Materials Selection 
Component Dimension (mm) 
IGBT chip (IGC50T120T6RL) 7.25 × 6.84 × 0.115 
 Emitter pad 
 
5.37 × 5.74 × 0.004 
 Gate pad 
 
1.31 × 0.81 × 0.004 
 Diode chip (IDC28D120T6M) 
 
6.3 × 4.5 × 0.11 
 Anode pad 
 
5.35×3.55×0.004 
 Substrate 30.6×30× (Cu: 0.203, Al2O3: 0.381) 
Die attachment Solder Au80Sn20, thickness: 0.2 
Aluminum wires 
 
10 mils × 6 
 Encapsulant Silicone gel (Nusil R-2188) 
5.2.2 Static Characterization 
The static characterization of the fabricated power module is conducted with Tektronix 
371B high power curve tracer. Figure 5-2 (a) and (b) show the I-V curves of the IGBT with the 
typical gate voltage of 15 V and the diode at various temperatures, respectively. These I-V 
curves can be approximated by a linear relationship. 
tCECCE VRIV +⋅=                                                 (5-1) 
fAKFF VRIV +⋅=                                                 (5-2) 
Respectively, where RCE and RAK represent the on-state resistance, while Vt and Vf represent 
the built-in voltage drop of the IGBT and diode. Table 5-2 lists Vt, RCE, Vf and RAK measured at 
various temperatures, which determine the on-state voltage drop and thus conduction loss. As the 
temperature rises, the on-state resistance increases. 
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(a) Static characterization of Si IGBT in fabricated 
power module (VGE=15V) 
(b) Static characterization of Si FWD in fabricated 
power module 
Figure 5-2. Static characterization of the fabricated power module at various temperatures. 
Table 5-2 Parameters of IGBT Output Characteristics at Various Temperatures 
 25 ˚C 100 ˚C 175 ˚C 200 ˚C 
Vt 0.9 V 0.8 V 0.7 V 0.6 V 
RCE 33.5 mΩ 41 mΩ 53.5 mΩ 57.3 mΩ 
Vf 1 V 0.9 V 0.8 V 0.7 V 
RAK 31 mΩ 43.5 mΩ 48.5 mΩ 53.5 mΩ 
Figure 5-3 shows the leakage current of the IGBT and the anti-parallel diode at 650 V as a 
function of junction temperature. The leakage current increases with temperature exponentially 
and reaches 3.98 mA at 200 ˚C, which can be expressed in (4-3) from the curve fitting. 
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The increased leakage current at high temperature will cause loss increase and possible 
thermal runaway. To prevent thermal runaway up to 200 ˚C, the thermal resistance must be less 
than a critical one, which is the slope of the leakage current power loss curve at 200 ˚C [61]. 
Such curve of the IGBT in the module can be expressed in (4-4). Its critical thermal resistance is 
6.5 ˚C/W, by calculation as in (4-5). This provides an important criterion in terms of thermal 
stability. Additionally, the critical thermal resistances versus junction temperatures are shown in 
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Figure 5-4. Higher operation temperature requires much smaller thermal resistance. For example 
the safe operation of Si devices at 225 ˚C needs thermal resistance to be less than 1.47 ˚C/W. 
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Figure 5-3. Leakage current at 650V as a function of 
junction temperature. 
Figure 5-4. Allowed maximum thermal resistance for 
operation at certain temperatures. 
5.2.3 Switching Characterization 
The turn-on and turn-off waveforms of IGBT in module with 650 V dc voltage and 70 A 
load current with various temperatures are shown in Figure 5-5. 
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(a) turn on transients (b) turn off transients 
Figure 5-5. Switching waveform comparison for designed IGBT phase-leg module. 
As shown in Figure 5-5, the turn-on and the turn-off time of the designed IGBT module 
increase with temperature, causing more switching loss for the IGBT module at higher 
temperature. What is more, the reverse recovery current is also worse with higher temperature, 
which introduces extra losses. The loss comparison is listed in Table 5-3. The total switching 
loss is increased by 8.3 % at 200 ˚C compared to the rated temperature of 175 ˚C. The 
experimental results show that the Si devices based power module can operate successfully at 
200 ˚C with increased but acceptable losses in the pulse test. 
Table 5-3 Switching Loss Comparison (650 V/70 A) 
Junction temperature 
(˚C) 
IGBT turn-on loss (mJ) IGBT turn-off loss (mJ) Diode reverse recovery loss 
(mJ) 
25 3.9 3.2 1.2 
175 6.7 6.1 2.8 
200 7.2 6.5 3.2 
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5.3 Thermal Management System Design and Evaluation 
5.3.1 Thermal Management System Design 
To keep the device junction temperature maximum to 200 ˚C and prevent thermal runaway 
at high temperatures, the thermal management of the module is designed. An aluminum cold 
plate from Aavid Thermalloy is used as the baseline design. Duralco 132 with high thermal 
conductivity of 69 W / (m·˚C) is selected as the thermal interface material (TIM) between the 
substrate of the fabricated module and the cold plate, as shown in Figure 5-6 (a). The water 
ethylene glycol (WEG) coolant is pumped to the cold plate with its inlet temperature regulated 
by the liquid chiller, as shown in Figure 5-6 (b). The coolant flow rate is 2.5 gallons per minute 
(GPM), which is the maximum value according to DOE specifications released in 2006. 
 
 
(a) Module attached to cold plate with TIM (b) Chiller for liquid circulation and temperature regulation 
Figure 5-6. Hardware setup for the thermal management system. 
5.3.2 Thermal Performance Evaluation through Experiments 
An electro-thermal method has been employed to measure the thermal resistance, in which 
the device is heated by the electric power dissipation and then its junction temperature is 
monitored as it cools down with power cutoff. The junction temperature is measured using 
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forward voltage drop VCE(on) as a temperature sensitive parameter, which has high temperature 
sensitivity, good linearity as well as the easy calibration [88]. 
The calibration is first conducted to determine the relationship between VCE(on) and the 
device temperature. The power module together with the cold plate is heated to various 
temperatures in the thermal chamber with the corresponding VCE measured by the oscilloscope. 
Figure 5-7 shows the calibration curve representing the relationship between VCE and 
temperatures with a current injection of 30 mA and gate to emitter voltage VGE of 8 V. The curve 
shows a temperature sensitivity of about -2.3 mV/˚C and a good linearity at a forward current of 
30 mA. The selection of the injected current value is critical, because a too low current level 
could results a nonlinear relationship at high temperatures and a high current level could 
introduce non-negligible self-heating. 
 
Figure 5-7. VCE and Tj calibration curve (VGE=8 V, IC=30 mA). 
The circuit diagram of thermal resistance measurement system is shown in Figure 5-8. First, 
the switch is closed so that the heating pulse is applied to the device. A few amperes source 
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current flows through the DUT with fixed VGE, which drives the IGBT into the active region and 
generates the loss dissipation around 100 W in the steady state. Equilibrium has been reached 
when VCE(on) has stabilized. Then the switch is opened, and the main current Ip drops to zero. 
Only 30 mA measurement current is continued going through the DUT. VCE(on) transient is 
recorded. The junction temperature as well as thermal impedance can be calculated from VCE(on), 
injected power and calibration curve. 
 
Figure 5-8. Circuit diagram for thermal performance evaluation. 
Figure 5-9 shows the hardware setup for the thermal evaluation. The 10 A current source for 
heating is provided by TDK-Lamda power supply. The 30 mA current source comes from a 
current source circuit board composed of two BJTs. The cold plate is connected to the chiller for 
the liquid circulation. 
 
 72 
  
Figure 5-9. Hardware setup for thermal performance evaluation. 
In the thermal evaluation experiment, the coolant temperature of 25 ˚C is used instead of 
105 ˚C due to the limitations of the chiller in the lab. The heating pulse of 9.7 A is applied to the 
IGBT. VCE of the IGBT is measured to be 11.92 V with the gate voltage of 8 V. The power loss 
generated by the dc current source is then calculated to be 115.6 W. Then the 9.7 A current 
source is disconnected and the IGBT is forward biased by a 30 mA current source. At the 
moment, VCE(on) is monitored and shown in Figure 5-10. VCE(on) is measured to be 125 mV at the 
moment the heating pulse is removed, which means the junction temperature is 193.6 ˚C based 
on the calibration curve. The thermal resistance from IGBT junction to ambient is 1.46 ˚C/W, 
which is smaller than the critical one calculated above. The designed thermal management 
system can support the Si power module operating at 200 ˚C without thermal runaway. 
20A current source 
Connected to chiller 
30 mA current source 
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Figure 5-10. Waveform of VCE(on) during cooling down period. 
It is noted that the thermal management system is not specially designed and optimized, 
because the design target is to support the power module operating at 200 ˚C safely. The 
advanced cooling technologies such as pin-fin baseplate with direct liquid cooling [89], 
microchannel cold plate [90], and integrated vapor chamber [91] can be utilized to further 
increase the power density. 
5.4 Continuous Operation of a 10 kW Buck Converter at 200 ˚C 
In order to evaluate the high temperature capability of the designed package and cooling 
system, a buck converter composed of the fabricated phase-leg module is built and operated 
continuously with the device junction heated up to 200 ˚C by controlling the loss dissipation. 
5.4.1 Junction Temperature Measurement during Converter Operation 
As mentioned before and shown in Figure 5-5, the waveforms of the switching transients 
vary with temperature. Thus the junction temperature of the power module can be derived by 
monitoring the temperature sensitive switching parameters.  
Heating pulse is removed. 
VCE(on)=125 mV 
 74 
In our study, the turn-off delay time Td(off) is selected for temperature measurement during 
converter operation, which is defined as the time between the falling edge of the gate-emitter 
voltage VGE and the rising edge of the collector-emitter voltage VCE. Td(off) has a higher the 
temperature sensitivity, compared to other switching parameters such as turn-on delay time Td(on), 
rising time Tr and falling time Tf. Moreover, the Td(off) measurement is only based on the voltage 
waveforms, simplifying the test procedure and maintain high accuracy. 
A calibration curve representing the relationship between turn-off delay time Td(off) and the 
junction temperature Tj is needed before the junction temperature is measured for continuous 
operation. However, the switching transients are influenced by many factors besides temperature, 
including gate drivers, gate resistance, circuit parasitics, and measurement probes, etc. Thus the 
test circuit for calibration and continuous operation were kept the same for the accuracy of the 
measurement. Figure 5-11 shows the test circuit setup for calibration and continuous operation 
respectively. Comparing the two, the same gate drive boards, power boards and probes are used. 
The loads and heating methods are different, which influence Td(off) little. For calibration, a hot 
plate is installed underneath the module, heating it to desired temperature with the case 
temperature monitored by thermocouples. Since only a pulse is applied to the module in the 
calibration, it is assumed that the junction temperature is the same with the case temperature. The 
inductive load is applied.  
In the continuous test, the module is heated by the device losses while a cold plate with 
liquid cooling is attached to keep the junction temperature not exceeding 200 ˚C. The resistive 
load with the L-C low pass filter is applied. 
Besides the parameters of the test circuits, the dc bus voltage VDC and load current IC can 
also influence the turn off delay time Td(off). Figure 5-12 show the influence of VDC and IC on 
 75 
Td(off) at 20 ˚C. The turn-off delay time increases with VDC and decreases with IC, with the 
sensitivity of 0.19 ns/V and 2.02 ns/A respectively. To prevent the temperature measurement 
error due to different voltages and currents, the voltage and current in calibration should be kept 
the same with those of the measured points in the continuous operation.  
L=500µH
VDC
 
 
(a) Circuit schematic and test setup for temperature and turn-off delay time calibration 
 
 
(b) Circuit schematic and test setup for continuous operation 
Figure 5-11. Comparison of test circuits for calibration and continuous operation.   
Coldplate 
with liquid 
cooling 
Hot plate 
Power board 
Gate drive 
board with 
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 76 
  
(a) Td(off) vs. VDC (IC=20A Tj=20˚C) (b) Td(off) vs. IC (VDC=650V Tj=20˚C)  
            Figure 5-12. Influence of dc bus voltage VDC and load current IC on the turn-off delay time Td(off). 
 
Figure 5-13. Turn-off transients at various temperatures during calibration (Tj=25 ˚C, 63 ˚C, 100 ˚C, 156 ˚C, 
and 200 ˚C.). 
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Figure 5-14. Calibration curve representing the relationship between Td(off) and Tj (VDC=650V IC=23A). 
With test circuit built up, the turn-off transients of the fabricated power module are 
measured at certain voltage and current level and various temperatures, as shown in Figure 5-13. 
Figure 5-14 shows the calibration curve of turn-off delay time Td(off) and junction temperature Tj 
with the dc bus voltage VDC at 650 V and load current IC at 23 A. The turn off delay time 
increases with temperature, and its temperature sensitivity is 0.878 ns/˚C. With the calibration 
curve, the junction temperature of the power module during continuous operation can be derived 
from the switching transients. 
5.4.2 Buck Converter Operation at the Junction Temperature of 200 ˚C 
The power module is operated with 650 V input voltage, duty cycle of 0.85 and the power 
rating of 10 kW. The L-C filter is composed of an inductor of 500 µH and a capacitor of 81 µF. 
The resistive load is 30 Ω. The switching frequency is increased from 10 kHz to 20 kHz to 
increase the power loss in IGBT to elevate its device junction temperature. Liquid cooling is 
applied to the converter with the flow rate of 2.5 GPM, coolant temperature of 25 ˚C. 
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Experimental results at 12 kHz and 20 kHz are shown in Figure 5-15 and Figure 5-16 
respectively with the VCE and VGE of bottom IGBT, and inductor current. When the switching 
frequency is 12 kHz, the turn-off delay time is 337 ns, indicating a junction temperature of 136 
˚C based on the calibration curve. When the switching frequency is 20 kHz, the turn-off delay 
time is 424 ns, which represents a junction temperature of 203 ˚C. After 60 minutes continuous 
operation in the steady state, a primary conclusion can be drawn that the designed package and 
cooling system can support the Si devices operating at 200 ˚C junction temperature. 
  
(a) Experimental waveforms (b) Switching transients 
Figure 5-15. Experimental waveforms of a 10 kW buck converter continuous operation at the switching 
frequency of 12 kHz. 
  
(a) Experimental waveforms (b) Switching transients 
Figure 5-16. Experimental waveforms of a 10 kW buck converter continuous operation at the switching 
frequency of 20 kHz. 
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5.5 Summary 
The chapter demonstrates the feasibility of operating Si devices based converters 
continuously at the junction temperature of 200 ˚C for HEV applications. A Si IGBT phase-leg 
module is developed for 200 ˚C operation utilizing high temperature packaging technologies and 
appropriate thermal management. The electrical characterization shows the module can operate 
at 200 ˚C with increased but acceptable losses in the pulse test. The thermal performance of the 
module and cooling system is evaluated and shows the designed thermal management system 
can support the Si power module operating at 200 ˚C without thermal runaway. Two temperature 
sensitive electrical parameters, on state voltage VCE(on) with low current injection and turn-off 
delay time Td(off), are employed for thermal resistance measurement and junction temperature 
measurement during converter operation respectively. Finally, a 10 kW buck converter 
composed of the phase-leg module is operated successfully with the device junction temperature 
heated up to 200 ˚C, which demonstrates the high temperature capability of the designed package 
module.   
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Chapter 6. Junction Temperature Measurement Method Using 
Short Circuit Current 
In this chapter, a method is proposed to measure the junction temperatures of IGBT discrete 
devices and modules during the converter operation. The chapter is organized as follows: Section 
6.2 introduces the calibration circuit schematic and hardware setup, based on which the 
calibration curve between the short circuit current and temperature is presented. In Section 6.3, 
the short circuit current is evaluated and compared with the other TSEPs in various aspects to 
determine its advantages and applicability. The proposed temperature measurement method is 
demonstrated in a three phase converter for prototype evaluation as an example and the circuits 
for the other converter topologies are given in Section 6.4. Conclusions are drawn in Section 6.5. 
The proposed junction temperature method will be used for evaluating the high temperature 
three-phase converter introduced in Chapter 7. 
6.1 Introduction 
IGBTs are widely used in a variety of industrial applications. In many applications such as 
aircraft and vehicles, the devices are required to operate at high junction temperatures due to the 
challenging thermal environment and the aggressive power density. Therefore the temperature 
control and thermal management become more of a concern.  
An accurate junction temperature measurement is a valuable tool for prototype evaluation 
and avoids the unnecessary safety margin regarding device operating temperatures, which is 
significant especially for high temperature / high density converter applications. 
The chapter introduces a method of junction temperature measurement using short circuit 
current. Short circuit current is negative temperature coefficient (NTC) and has adequate 
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temperature sensitivity. It is only determined by temperature and gate voltage, while the variance 
of gate voltage can be eliminated in the hard switching fault (HSF). Due to its good sensitivity 
and selectivity, short circuit current is suitable as TSEP for temperature measurement. A short 
circuit pulse is given under converter normal operation conditions and the short circuit current is 
measured for junction temperature estimation. 
6.2 Calibration of Short Circuit Current vs. Temperature in an IGBT 
6.2.1 Test Circuit and Hardware Setup for Calibration 
The short circuit current of an IGBT decreases with temperature due to the dependence of 
electron mobility on temperature. To represent the relationship between short circuit current and 
device temperature, a calibration is conducted on an IGBT based phase-leg module. 
Figure 6-1 (a) shows the test circuit schematic for calibration. The phase-leg module 
composed of two IGBT and diode cells is connected directly to the dc source. During the short 
circuit, the short circuit current is determined by DUT or its complementary IGBT, depending on 
which has higher junction temperature. To eliminate the effect of the complementary IGBT, a 
bypass IGBT is connected in parallel with the complementary IGBT. The bypass IGBT has 
larger current ratings than DUT. When the short circuit occurs, the short circuit current is limited 
by DUT, and the bypass IGBT and complementary IGBT still remain in the saturation region. 
The switching sequences of the devices are shown in Figure 6-1 (b). At t1, the bypass IGBT 
is turned on, and the dc bus voltage is applied across DUT. Then DUT is turned on into a short 
circuit at t2.  The current goes up quickly and reaches the peak. The DUT collector to emitter 
voltage VCE remains at the value of input voltage after a small notch caused by the inductive 
parasitic elements of the circuit. Then the current gradually decreases with time because the 
short-circuit energy consumption increases the device temperature as well as MOS-channel 
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resistance. The short circuit current is recorded for junction temperature measurement of DUT. 
Then DUT is turned off at t3 by the short circuit protection function of the gate driver or the gate 
control signal. Usually the short circuit period should be less than 10 µs to prevent the device 
destruction due to overheat. Finally the bypass IGBT is turned off at t4. 
 
 
(a) Circuit schematic (b) IGBT waveforms 
Figure 6-1. Calibration circuit schematic and device waveforms. 
Fig. 2 shows the hardware setup for calibration. The phase-leg module under test is shown in 
Fig. 2 (a). It is composed of two IGBT chips (Infineon IGC50T120T6RL) and two anti-parallel 
diodes (Infineon IDC28D120T6M). The phase-leg module is driven by a gate drive board, on 
which there are two connectors connecting in parallel with the corresponding IGBTs, as shown 
in Fig. 2 (b). When the junction temperature of one IGBT needs to be measured or calibrated, the 
temperature measurement unit composed of the bypass IGBT and its gate drivers is inserted to 
the connector of the complementary IGBT. A hot plate is installed underneath to heat the module 
to various temperatures with the case temperature monitored by thermocouples. It is assumed 
that the junction temperature is the same with the case temperature before short circuit occurs. 
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(a) Phase-leg power module under test (b) Circuit board for temperature measurement of the phase-leg module 
Figure 6-2. Hardware setup for calibration. 
Figure 6-3 shows the gate drive circuit schematic for the IGBT module with short circuit 
protection. The module is driven by the driver IC 1ED020I12-F. The gate driver provides 
coreless transformer isolation, de-saturation protection and is suitable for high temperature 
operation up to 150 ˚C. The driver input and output sides are powered by 5 V and 15 V dc 
supplies respectively. Traco dc/dc converter (THB 3-2415) with a minimized input-output 
capacitance of 13 pF is used for supplying the driver output side. Four transient voltage 
suppressor diodes D3 to D6 are connected in series between IGBT collector and gate for active 
clamping. The de-saturation protection ensures the protection of the IGBT at short circuit. The 
output pin is driven low when the voltage on the DESAT pin exceeds 9 V, which is detected by 
desat diode D2. To prevent the false desat trips, the desat diode should have a fast reverse 
recovery. A 1200 V, 1 A ultrafast diode STTH112A with a reverse recovery time of 75 ns is used 
for D2. The desat diode is connected to the middle of the four clamping diodes instead of IGBT 
collector to further reduce the noise. To allow enough time for IGBT saturation during turn-on, a 
blanking time is set by the internal current source and an external capacitor. A 100 pF capacitor 
C1 is used for 4 µs blanking time. During short circuit, the IGBT gate can be pumped by a high 
dv/dt through miller capacitance. The driver provides the gate clamping function by connecting 
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the CLAMP pin to the gate. However, a current of maximum 500 mA for 10 µs could be fed 
back to the supply, which can cause the Traco output instable. The diode D1 is used to make sure 
the current is absorbed by the decoupling cap (or Zener diode) instead of the Traco power 
supply. 
 
Figure 6-3. Gate drive circuit with de-saturation protection. 
6.2.2 Experimental Results of Calibration 
With the hardware setup, the short circuit is created at various temperatures and the 
corresponding short circuit current waveforms are recorded for calibration. The DUT gate 
voltage VGE is 15 V, which is recommended in the device datasheet for continuous operation. 
The DUT collector to emitter voltage VCE is 650 V. Figure 6-4 shows the experimental 
waveforms of the switches at 15 ˚C and 110 ˚C respectively. The short circuit current value at 3 
µs after short circuit occurs is used for temperature indication both in calibration and 
measurement to eliminate the influence from electrical oscillations. The short circuit current at 3 
µs after short circuit occurs is 207.4 A at 15 ˚C and 174.2 A at 110 ˚C. The short circuit current 
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values at various temperatures are then recorded and shown in Figure 6-5. The short circuit 
current has an adequate temperature sensitivity of 0.345 A/˚C and linearity. It is noted that the 
temperature in the curve is the device junction temperature before short circuit occurs, not at the 
time when the short circuit current is recorded. With the calibration curve, the IGBT junction 
temperature during converter operation can be derived from the short circuit current value. 
  
(a) IGBT short circuit current at 15 ˚C (5 µs/div) (b) IGBT short circuit current at 110 ˚C (5 µs/div) 
Figure 6-4. Short circuit current at various temperatures in calibration. 
 
Figure 6-5. Short circuit current as a function of temperature (VGE=15 V, VCE=650 V). 
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6.3 Evaluation of Short Circuit Current as TSEP 
6.3.1 Sensitivity of Short Circuit Current as TSEP 
A method of comparing the accuracy of different TSEPs is proposed in [92] using the 
following ratio: 
maxval
s
S =                                                       (6-1) 
where s is the temperature sensitivity of the TSEP while valmax is the maximum measured 
value of the parameters. 
Based on Isc vs. temperature calibration curve in Figure 6-5, the temperature sensitivity of 
short circuit current with VGE of 15 V is 0.345 A/˚C. Considering the maximum short circuit 
current of 207 A, the sensitivity ratio is 1.66·10-3 ˚C-1. For voltage under high current, the ratio is 
from 0 ˚C-1 to 1·10-3 ˚C-1 determined by the current value. These two parameters have adequate 
temperature sensitivities. For the saturation current under low gate voltage, the sensitivity is 
about 0.016 A/˚C in the temperature range from 110 ˚C to 150 ˚C. The sensitivity is much 
smaller in lower temperature range. Considering that the current sensor has to sustain the 
nominal current in normal operation of the power device, the ratio can be as small as 0.23·10-3 
˚C-1 because the saturation current is much smaller than nominal current. The temperature 
sensitivity of switching time is around 2 ns/˚C. It is not compared with other TSEPs because the 
ratio cannot be applied to the parameter. 
6.3.2 Linearity of Short Circuit Current as TSEP 
A linear TSEP brings benefits to calibration step because it doesn’t need a lot of 
measurement points. To better understand the linearity of the TSEP, the formula of the IGBT 
saturation current at different gate voltages is given in (5-2). 
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where Isat is the saturation current. βPNP is the current gain of the bipolar transistor in IGBT. 
µns is the surface mobility of electrons in the channel. Cox is the oxide capacitance. Zc and Lc are 
channel width and channel length respectively. VGS is the gate source voltage and VTH is the gate 
threshold voltage. Among these parameters, the threshold voltage VTH is negative temperature 
coefficient. The surface mobility of electrons µns varies linearly with temperature. 
For a low voltage VGS, which is slightly larger than VTH at room temperature, the influence 
of VTH on the saturation current dominates and results in a nonlinear Isat vs. temperature curve. 
The exponential curve leads to an increase of sensitivity with temperature and makes the 
measurement at low temperatures less precise. 
In the proposed method in this chapter, VGS is at the rated value of 15 V. The influence of 
µns dominates and the relationship between saturation current and temperature is approximately 
linear.  
For the other two TSEPs, the switching times and VCE under high current, they are also 
linear. 
6.3.3 Selectivity of Short Circuit Current as TSEP 
Selectivity represents the degree of TSEP influenced by other parameters than temperature. 
It is important to eliminate these effects due to the variation of the electrical parameters when 
using TSEP as an indicator of the junction temperature. The short circuit current is a function of 
collector to emitter voltage VCE and gate voltage VGE besides temperature.  
The short circuit test is conducted by increasing the dc link voltage gradually from 100 V to 
650 V. The curve of short circuit current Isc as a function of VCE is plotted in Figure 6-6. It is 
shown that the short circuit current doesn’t depend a lot on VCE. In comparison with the Isc vs. 
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temperature curve in Figure 6-5, the measurement error of 1 V dc voltage results in the error of 
0.096 ˚C in temperature measurement. 
 
Figure 6-6. Curve of short circuit current Isc vs. IGBT collector to emitter voltage VCE. 
From the transfer characteristics of IGBT, the short circuit current depends a lot on the gate 
voltage VGE. Therefore, it is important to reduce the variance of gate voltage during the 
temperature measurement. 
It is mentioned in Chapter 4 that there are two different types of short circuit. When IGBT 
turns on into a short circuit, it is called hard switching fault (HSF). When the short circuit is 
applied to an IGBT that is already on, it is called fault under load (FUL). 
Figure 6-7 shows the waveforms of two short circuit conditions. In HSF, initially IGBT is 
off and dc bus voltage VDC is supported across the device. Then the device is turned on to short 
circuit at t1. The device enters the active region quickly and the voltage remains at VDC after a 
notch. The gate voltage is little influenced if the devices are put close to dc bulk capacitors to 
minimize parasitic in the circuit loop. The device is turned off at t2. In FUL, at t1, IGBT is turned 
on and the voltage across the device VCE is low. At t2, a short circuit is applied to the device. The 
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current increases quickly and enters active region. The rise of VCE charges the miller capacitor 
and thus pumps the gate voltage VGE and increases the short circuit current correspondingly. The 
device is turned off at t3. 
  
(a) Hard switching fault (b) Fault under load 
Figure 6-7. Two types of short circuit fault conditions. 
Comparing the two short circuit conditions, the gate voltage changes less during short circuit 
fault in HSF, while the gate voltage has spikes when short circuit happens in FUL. To reduce the 
effect of gate voltage variance on short circuit current, HSF is selected for temperature 
measurement. 
In summary, the short circuit current doesn’t depend much on voltage. It depends on the gate 
voltage, the variance of which could be greatly reduced by creating a HSF short circuit instead of 
FUL. 
For the other TSEPs for online temperature measurements, the switching time can be 
influenced by numerous electrical parameters including gate voltage, gate resistor, load current, 
collector to emitter voltage, circuit parasitics, measurement probes, and etc. Thus it is important 
that the test circuits for calibration and continuous operation are kept the same for the accuracy 
of the measurement. The device voltage under a high current depends a lot on the resistance of 
t2 t1 
IC 
VCE 
VGE 
Gate voltage spike 
due to dv/dt 
VCE 
IC 
VGE 
t3 t2 t1 
Current spike due to 
gate voltage variance 
 90 
the electrical connection. Considering the difference of connection temperature during 
calibration and temperature, the measurement error can be caused by the variation of connection 
resistance. The saturation current of an IGBT under low gate voltage is little influenced by 
voltage and current value and only requires accurate gate voltage value, which is similar to the 
temperature measurement with short circuit current. 
6.3.4 Genericity of short circuit current as TSEP 
The temperature measurement using voltage under high current can be used with all power 
semiconductor chips including power transistors and diodes. The switching time can be used 
with transistors. The two TSEPs of saturation current at low gate voltage and short circuit current 
at nominal gate voltage are only suitable for IGBTs. 
6.3.5 Ruggedness during Measurement 
Under short circuit conditions, IGBT has to sustain both high voltage and high current at the 
same time, which can cause a significant increase in the local device temperature from the high 
power dissipation. High local temperature beyond a critical value prevents the ability to sustain 
the collector-emitter voltage and causes the destruction of the device. As a result, it is necessary 
to know the short circuit capability of the device before measuring the junction temperature 
using short circuit current. 
IGBT manufacturers generally guarantee 10 µs of the short circuit withstand time (SCWT) 
below the rated junction temperature. For those IGBTs without SCWT defined in the datasheet 
or for the applications exceeding the rate temperature range, the short circuit capability can be 
evaluated with the SOA evaluation circuit board. The methods are described in details in Chapter 
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4. The IGBT should be turned off within SCWT in order to prevent the device from destruction 
during temperature measurement. 
6.4 Temperature Measurement during Converter Operation 
6.4.1 Temperature Measurement in Three-Phase Voltage Source Converters 
Figure 6-8 shows the test schematic and switching sequences of the three-phase voltage 
source converter. All IGBTs are driven by the typical gate voltage of 15 V / 0 V. A bypass IGBT 
with larger current rating is connected in parallel with the complementary IGBT, and is activated 
only when DUT is in the off state. The three-phase converter is under normal operation condition 
and has reached the thermal equilibrium before t0. Then the bypass IGBT is turned on at t1, the 
current commutes from S4 to bypass IGBT to prevent S4 from de-saturation during short circuit. 
When the next turn on pulse of S1 comes at t2, S1 turns on into a short circuit. The short circuit 
current is measured to derive the junction temperature. The de-saturation protection is activated 
and turns off the IGBTs at t3. 
The control signal of the short circuit pulse can be implemented with 555 timer connected 
for monostable operation. The pulse duration is set by R and C values. Figure 6-9 shows the 
short circuit pulse of the bypass IGBT and the PWM gate signals of DUT. The short circuit pulse 
starts when DUT is in the off state. 
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(a) Circuit schematic (b) IGBT waveforms 
Figure 6-8. Calibration circuit schematic and device waveforms. 
 
Figure 6-9. Short circuit pulse of bypass IGBT and PWM gate signal of DUT. 
Figure 6-10 shows an example of junction temperature measurement in the three phase 
converter prototype. A temperature measurement unit composed of the bypass IGBT and its gate 
driver is designed. The three phase power module is driven by the gate drive board, on which 
there are six connectors connecting in parallel with its corresponding IGBT cell. When the 
junction temperature of one IGBT needs to be measured, the temperature measurement unit is 
inserted to the connectors of the complementary IGBT. Then by giving a short circuit pulse, the 
junction temperature can be derived from short circuit current by looking up the calibration table. 
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Figure 6-11 shows the experimental waveforms during the temperature measurement. The 
bypass IGBT is turned on when DUT is in the off state. A HSF short circuit is created when 
DUT is turned on. The protection is activated and DUT is turned off at 4 µs after the short circuit. 
The short circuit current is 180.8 A, indicating a junction temperature of 89 ˚C according to the 
calibration results. 
 
Figure 6-10. An example of junction temperature measurement in the three phase converter. 
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Figure 6-11. Short circuit waveforms during converter operation. 
 
6.4.2 Temperature Measurement in the Other Circuit Topologies 
The proposed method can be used in various power electronics circuit topologies. Figure 
6-12 shows the measurement circuit in some dc-dc and ac-dc converters. By turning on the 
bypass IGBT, DUT are shorted to the dc source and the short circuit current is recorded at that 
time. The dc sources are different in different converters. For buck converter, DUT is shorted to 
input voltage source during measurement. For boost converter, DUT is shorted to output voltage 
source during measurement. For buck-boost converter, DUT is shorted to the serial connected 
input and output voltage source during measurement. For Cuk converter, DUT is shorted to the 
capacitor C1. For three-phase current source converter, DUT is shorted to the phase to phase 
voltage source during measurement. It is noted that the value of the dc source voltage should be 
kept the same in the calibration and temperature measurement. 
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(a) Buck converter (b) Boost converter 
 
 
(c) Buck-boost converter (d) Cuk converter 
 
(e) Three-phase current source converter 
Figure 6-12. Temperature measurement circuits in dc-dc and ac-dc converters. 
6.5 Summary 
In this chapter, a method is proposed to measure the junction temperatures of IGBT discrete 
devices and modules using short circuit current ISC. From the calibration between short circuit 
current and temperature, it is shown that ISC has a good temperature sensitivity and linearity. ISC 
is little influenced by voltage and current. By creating a short circuit in hard switching fault, the 
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effect of gate voltage variance on short circuit current is eliminated, so that the short circuit 
current is only determined by temperature. Due to these advantages, the short circuit current is 
suitable to be used for temperature measurement. 
 Test circuits are proposed for junction temperature measurement in various dc-dc and ac-dc 
converter topologies. By connecting a temperature measurement unit to the converter and giving 
a short circuit pulse, the IGBT junction temperature can be measured. The proposed method is 
validated in a three-phase voltage source converter prototype and will be used in Chapter 7. 
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Chapter 7. A 30 kW High Temperature Three Phase Converter 
with Reduced Cooling 
In this chapter, a 30 kW Si IGBT based three-phase converter is developed for operating at 
200 ˚C junction temperature with the 105 ˚C engine coolant in hybrid electric vehicles, leading to 
lower cost and higher power density. The chapter is organized as follows: Section 7.2 and 
section 7.3 presents the design and evaluation of the power module and the thermal management 
system. Section 7.4 shows the three phase converter design and implementation. The 
experimental results are given. Conclusions are drawn in Section 7.5. 
7.1 Introduction 
The challenging thermal environment in HEVs as well as the aggressive power density and 
cost targets established by industry and government makes the high temperature operation of 
power electronics devices desirable. 
Today’s HEVs use an additional low temperature (65 ˚C) cooling system for the power 
electronics traction systems. Although several researchers have built the converters that are 
capable of operating with 105 ˚C or 90 ˚C high temperature coolant [39]-[43], the tremendous 
rising cost is imposed by the newly developed techniques or larger semiconductor usage. 
The objective of this chapter is to implement a 30 kW three phase converter prototype based 
on Si devices with 105 ˚C engine coolant. The high temperature capable power electronics 
module utilizing the technologies introduced in Chapter 5 is used for operation with 105 ˚C 
coolant, leading to a lower cost and higher power density. An integrated pin fin structured AlSiC 
baseplate is used for cooling design, which provides improved thermal performances and further 
increases the power density of the converter system. The short circuit current is employed as 
 98 
TSEP for junction temperature measurement during converter operation, as introduced in 
Chapter 6. A 30 kW converter is then implemented and is compatible with the temperature 
measurement method. The experimental results demonstrate that the converter can operate 
successfully with the device junction temperature heated up to 200 ˚C with the high temperature 
engine coolant. 
7.2 Power Module Design and Evaluation 
Figure 7-1 shows the 10 kW phase-leg module designed for the three-phase converter. 
Compared to the modules developed in Chapter 5, the only difference is the layout is further 
improved for smaller volume and higher power density. The chips and packaging materials are 
the same with previous modules. The dimension and materials are listed in Table 7-1. 
 
 
Figure 7-1. 10 kW fabricated power module for high temperature operation. 
 
 
 
S2 
D2 
S1 
D1 
+VDC 
G1 
E1 
C2E1 
G2 
E2 
-VDC 
 99 
Table 7-1 Materials Selection and Dimension 
Component Dimension (mm) 
IGBT chip (IGC50T120T6RL) 7.25 × 6.84 × 0.115 
Emitter pad 5.37 × 5.74 × 0.004 
Gate pad 1.31 × 0.81 × 0.004 
Diode chip (IDC28D120T6M) 6.3 × 4.5 × 0.11 
Anode pad 5.35×3.55×0.004 
Substrate 33×21× (Cu: 0.203, Al2O3: 0.381) 
Die attachment Solder Au80Sn20, thickness: 0.2 
Aluminum wires 10 mils × 6 
Encapsulant Silicone gel (Nusil R-2188) 
The static characteristics of the module are tested with Tektronix 371B high power curve 
tracer at various temperatures. The parameters are shown in Table 7-2. The switching 
performance of the module is characterized with the standard double pulse test. The switching 
energies at various temperatures are shown in Table 7-3. The device characterization procedure 
is described in Chapter 5. 
Table 7-2 Parameters of Static Characteristics at various Temperatures 
Junction temperature (˚C) Vt (V) RCE (mΩ) Vf (V) RAK (mΩ) Leakage current (mA) 
25 0.9 33.5 1 31 N/A 
175 0.7 53.5 0.8 48.5 0.86 
                200 0.6 57.3 0.7 53.5 3.98 
Table 7-3 Switching Loss at Various Temperatures (650 V/70 A) 
Junction temperature (˚C) IGBT turn-on loss (mJ) IGBT turn-off loss (mJ) Diode reverse recovery loss (mJ) 
25 3.9 3.2 1.2 
175 6.7 6.1 2.8 
200 7.2 6.5 3.2 
The power losses dissipated on an IGBT in the 30 kW three phase converter operating at 
Vdc=650 V, fs=12 kHz, M=1 and various temperatures are calculated according to equations from 
(2-5) to (2-8), and shown in Figure 7-2. 
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Figure 7-2. Power losses dissipated on an IGBT in the three phase converter at various temperatures. 
7.3 Thermal Management System Design and Evaluation 
7.3.1 Thermal management system design 
Considering the power density and high temperature capability of the three phase converter, 
a thermal management system is developed with improved cooling performance by eliminating 
the thermal interface material and providing efficient heat spreading. 
Figure 7-3 shows the thermal management system of the modules. The cross section of the 
module and cooling assemblies is shown in Figure 7-4. Three power modules are soldered to the 
AlSiC baseplate on its copper solderable surfaces. The AlSiC baseplate provides sufficient 
thermo-mechanical stability because the CTE of AlSiC is compatible with the module substrate 
(Al2O3). The baseplate is directly cooled by the liquid coolant due to its integrated pin fin 
structure, thus eliminates the thermal interface material (TIM) between the baseplate and cold 
plate in traditional baseplate technologies and improves the thermal performance. The water 
ethylene glycol (WEG) coolant is pumped to the cold plate with its inlet temperature regulated 
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by the liquid chiller. The coolant flow rate is 2.5 gallons per minute (GPM), which is the 
maximum value according to Department of Energy (DOE) specifications released in 2006. 
 
Figure 7-3. Thermal management of three-phase power modules. 
 
Figure 7-4. Cross section of power module and cooling assemblies. 
7.3.2 Thermal performance evaluation through FEA simulation 
A 3D model of the thermal management system is built in COMSOL Multiphysics for FEA 
simulation, as shown in Figure 7-5. 
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The simulation is then conducted to evaluate the thermal performance for each IGBT. As 
shown in Figure 7-6, the power loss of 100 W is dissipated averagely on one IGBT chip, and the 
temperature distribution over the device and cooling system is obtained through simulation. The 
maximum junction temperature achieves 188.5 ˚C. The thermal resistance of the top IGBT of 
module 1 from junction to inlet coolant is then given by (6-1). 
WC
W
CC
P
TT
R ambjathj /835.0100
1055.188
°=
°−°
=
−
=
−
                    (7-1) 
 
Figure 7-5. A 3D model of thermal management system for FEA simulation. 
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Figure 7-6. Temperature distribution with 100 W loss dissipated on top IGBT of module1 (Unit: ˚C).  
The same method is applied to the other five IGBTs, and the thermal resistances of all 
IGBTs are shown in Figure 7-7. There are some small discrepancies between the thermal 
resistances of each IGBT due to the slightly different coolant velocities. The flowing velocity of 
the coolant is shown in Figure 7-8. 
 
Figure 7-7. Simulation results of IGBT thermal resistances in three phase converter. 
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Figure 7-8. Velocity distribution of the liquid coolant (Unit: m/s). 
With the losses obtained through device characterization and the FEA thermal model, the 
temperature distribution of the three phase converter operating under various conditions can be 
obtained through simulations. Figure 7-9 shows the temperature distribution of the converter 
when operating at the power rating of 30 kW, Vdc=650 V, fs=12 kHz, M=1. The temperatures of 
six IGBTs and six diodes are shown in Figure 7-10. The IGBTs’ temperatures are around 200 ˚C, 
and the diodes’ temperatures are around 145 ˚C. The IGBT and diode which are close to the 
outlet of the cold plate represent the worst case, which are at the temperature of 203 ˚C and 148 
˚C, respectively. 
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Figure 7-9. Temperature distribution of the 30 kW three phase converter (M=1) (Unit: ˚C). 
 
Figure 7-10. Temperatures of IGBTs and diodes of the three phase converter (M=1) in simulation. 
A cross section of the simulation results is shown in Figure 7-11, which represents that the 
integrated pin fin baseplate provides a good heat spreading for the devices. The temperature 
distribution of the liquid coolant is shown in Figure 7-12. 
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Figure 7-11. Cross section of thermal simulation results (Unit: ˚C).  
 
Figure 7-12. Temperature distribution of the liquid coolant (Unit: ˚C). 
In a three phase traction inverter / motor drive, more current flows through the freewheeling 
diode with lower motor speed / modulation index, and causes the diode junction temperature to 
increase. The simulation is carried out for the operating condition with a low modulation index 
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(M=0.1). Figure 7-13 shows the temperature distribution of the three phase converter when 
operating at ten percent of the full speed and the rated torque. The device temperatures are 
shown in Figure 7-14. The diode temperatures are around 166 ˚C, and the IGBT temperatures are 
around 180 ˚C. Although the diode temperatures are higher in low speed conditions than full 
speed conditions, they still meet the temperature safety criterion. 
 
Figure 7-13. Temperature distribution of the three phase converter (M=0.1) (Unit: ˚C). 
 
Figure 7-14. Temperatures of IGBTs and diodes of the three phase converter (M=0.1) in simulation. 
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7.3.3 Thermal performance evaluation through experiment 
The thermal performance of the cooling system is characterized with an electro-thermal 
method utilizing device forward voltage drop VCE(on) as the temperature sensitive parameter. The 
method is introduced in Chapter 5 in details. 
In the measurement, the thermal resistances of the six IGBTs from junction to inlet coolant 
temperature Rthj-a vary from 0.78 ˚C/W to 0.86 ˚C/W, as shown in Figure 7-15. Small 
discrepancies between the simulation and experimental results are generated during the 
manufacturing process. The effectiveness of the FEA simulation is validated by the experimental 
results. 
The corresponding specific thermal resistances vary from 0.387 cm2•˚C/W to 0.427 
cm2•˚C/W, which are defined as the product of thermal resistance and die area. The experimental 
results show the integrated pin fin baseplate structure has better thermal performance than the 
cooling configurations including thermal grease, thermal pad, and direct bonding methods in 
today’s commercial HEVs [93]. 
 
Figure 7-15. Thermal resistances of IGBTs in the three phase-leg power modules. 
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7.4 Three-Phase Converter Development and Experiments 
7.4.1 Implementation of a 30 kW three-phase converter 
The schematic of the designed three-phase converter is shown in Figure 7-16, including a dc 
link protection circuit and the IGBT junction temperature measurement circuit. Figure 7-17 
shows the 30 kW three-phase converter built for operation at the junction temperature of 200 ˚C 
with 105 ˚C coolant. The converter has three phase-leg power modules. The modules are driven 
by the gate driver with de-saturation protection. There are two connectors connected in parallel 
with the corresponding IGBTs on the gate drive board. When the junction temperature of one 
IGBT needs to be measured or calibrated, the temperature measurement unit composed of the 
bypass IGBT and its gate drivers is inserted to the connector of the complementary IGBT. The 
cold plates are connected with the chiller for liquid circulation. The phase currents are sensed by 
three Hall effect current transducers HAS 100-S. The DSP TMS320F28335 from TI is used as 
the controller for AD sampling, closed-loop control implementation and PWM generation. The 
1000 V/500 µF metalized polypropylene film capacitor from Electronic Concepts is used as the 
dc link filter capacitor. A bidirectional switch (1200 V/66 A IGBT and 1200 V/60 A anti-parallel 
diode) with de-saturation protection is embedded into the dc link capacitor. If a short circuit 
occurs, all the switches can be shut down within 5 µs and the dc link capacitor is disconnected. 
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Figure 7-16. Schematic of the three-phase voltage source converter with dc link protection and 
temperature measurement circuit. 
 
Figure 7-17. Hardware prototype of a 30 kW three-phase converter. 
7.4.2 Experimental Results 
The three-phase converter is operated with 650 V input voltage, the power rating of 30 kW, 
switching frequency from 5 kHz to 12 kHz, and the coolant temperature from 20 ˚C to 105 ˚C. 
Figure 7-18 shows the experimental results of the 30 kW three-phase converter with the gate 
voltage VGE, dc link voltage VDC, line-to-line voltage VCB, and phase current IC. 
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Figure 7-18. Experimental waveforms of three phase converter operating at 30 kW. 
A short circuit pulse is given under each test conditions and the short circuit current is 
measured for junction temperature estimation. Figure 7-19 shows the short circuit waveforms 
when the converter operates at 30 kW output power, 5 kHz switching frequency and the coolant 
temperature at 20 ˚C and 105 ˚C. The short circuit current is 180.8 A and 150.6 A with different 
coolant temperatures, indicating a junction temperature of 89 ˚C and 176 ˚C respectively. The 
IGBT junction temperatures of the 30 kW converter at 5 kHz with different coolant temperatures 
are measured and shown in Figure 7-20. 
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VGE (10 V/div) 
Time (5 ms/div) 
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(a) Short circuit waveforms during converter operation with 20 ˚C coolant 
 
(b) Short circuit waveforms during converter operation with 105 ˚C coolant 
Figure 7-19. IGBT junction temperature measurement of 30 kW converter with 20 ˚C and 105 ˚C coolant 
(fs=5 kHz). 
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Figure 7-20. IGBT junction temperatures of 30 kW converter with different coolant temperatures (fs=5 kHz). 
The switching frequency is then increased from 5 kHz to 12 kHz to increase the IGBT 
junction temperature with 105 ˚C coolant and 30 kW output power. The short circuit waveforms 
at 12 kHz is shown in Figure 7-21. A short circuit current of 142.4 A indicates that the IGBT 
junction temperature reaches 200.1 ˚C. The junction temperatures of 30 kW three phase 
converter operating with 105 ˚C coolant at various temperatures are shown in Figure 7-22. 
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Figure 7-21. IGBT junction temperature measurement when the converter operates at 30 kW output power, 
12 kHz switching frequency with 105 ˚C coolant. 
 
Figure 7-22. IGBT junction temperatures of the 30 kW converter operating with 105˚C coolant at various 
switching frequencies. 
The experimental results demonstrate that the 30 kW three-phase converter can operate with 
the 105 ˚C coolant at the switching frequency up to 12 kHz, while the IGBT junction 
temperature is as high as 200 ˚C. The measured device junction temperature agrees with the FEA 
simulation results, which further validates the effectiveness of FEA simulation.  
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7.5 Guidelines of Operating Traction Inverter at 200 ˚C TJ with 105 ˚C Coolant 
After investigating the feasibility of operating Si devices at 200 ˚C, this part provides the 
guidelines on how to operate the traction inverter at 200 ˚C junction temperature with 105 ˚C 
coolant. 
(1) Thermal management system should be able to maintain the Si devices junction 
temperature below 200 ˚C during the converter operation.  
In Chapter 3, it has been demonstrated that by extending the device junction temperature 
from 150 ˚C to 200 ˚C, the additional 65 ˚C cooling loop can be eliminated without 
compromising thermal performance. Therefore, the existing thermal management system 
in HEVs is adequate and can maintain the Si devices operating below 200 ˚C. 
(2) Thermal performance should meet the criterion set by device leakage current to prevent 
thermal runaway. 
In Chapter 3, it is claimed that the critical thermal conductance to allow thermal stability 
is the slope of the leakage current curve. Devices with smaller leakage current are more 
suitable for high temperature applications. Based on the test and calculation of the 
package module developed in this dissertation, the critical thermal resistance to allow 
stable operation at 200 ˚C is 6.5 ˚C/W. Most of the thermal management systems in 
today’s HEVs (e.g. Toyota Prius 2010, Nissan LEAF, Hyundai Sonata, etc.) meet the 
requirement [93]. The existing thermal management system can support the Si devices 
operating at 200 ˚C without thermal runaway. 
(3) The device ruggedness should be evaluated at 200 ˚C to ensure the safe operation. 
 116
For example, the short circuit capability of DUT is decreased when operating at elevated 
temperature of 200 ˚C, but it still meets the short circuit capability industry standard of 
10 µs. The short circuit capability is adequate for converter protection. 
(4) Conventional packaging materials should be replaced by high temperature packaging 
materials, including solder, encapsulant, etc.  
For example, the commonly used solder for die attachment is Sn63Pb37, which has a 
melting point of 183 ˚C. Because Sn63Pb37 cannot support Si chips operating at 200 ˚C, 
it should be replaced by solders with higher melting point (e.g. Au80Sn20, Pb95Sn5, 
etc.) or sintering [17][18][48][97].  
(5) Reliability of power semiconductor devices and packaging should meet the requirement 
for automobile applications. This part is not covered in this dissertation. 
The reliability of the device operating at high temperatures can be tested using a 
combination of standard tests including high temperature reverse bias (HTRB), high 
temperature gate bias (HTGB), temperature humidity bias (THB) and so on. 
The reliability of the packaging is another challenge for high temperature operation. 
High temperature cycling tests (thermal cycling and power cycling) should be used on 
the IGBT modules to evaluate the thermo-mechanical reliability under the harsh 
environmental conditions. The IGBT modules used in the application should have the 
thermal cycling capability from -40 ˚C to 200 ˚C with the increased ∆Tc compared to the 
commercial HEVs nowadays, and the power cycling capability from 105 ˚C to 200 ˚C 
with ∆Tj of 95 ˚C which does not change much. 
Advanced packaging technologies aiming for high temperature capability and reliability 
have been studied and developed by universities and device manufactures in recent 
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years. For example, .XT technology by Infineon increases lifetime of IGBT modules and 
enables the operation at the junction temperature of 175 ˚C. SkiN technology from 
SEMIKRON increases the cycling capability with the solder free, pressure contact 
packaging concept. The packaging technologies are still under investigations to support 
the device operating at the junction temperature up to 200 ˚C. 
7.6 Summary 
In this chapter, a 30 kW Si IGBT based three-phase converter has been developed for 
operating at the junction temperature of 200 ˚C with the high temperature coolant in hybrid 
electric vehicle applications. The high temperature capable power electronics module utilizing 
the technologies introduced in Chapter 5 is used for operation with 105 ˚C coolant, leading to a 
lower cost and higher power density. An integrated pin fin structured AlSiC baseplate is used for 
cooling design, which provides improved thermal performances. Finally, a 30 kW three-phase 
converter is implemented. The experimental results demonstrate that the three-phase converter 
can operate at the junction temperature of 200 ˚C with 105 ˚C high temperature coolant, thus 
eliminating the need for the additional 65 ˚C coolant in HEVs. The guidelines are provided on 
how to operate the traction inverter at 200 ˚C junction temperature with 105 ˚C coolant. 
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Chapter 8. Investigation of Emerging 600 V GaN HEMT 
In this chapter, the emerging 600 V GaN HEMT is investigated as a potential replacement of 
Si devices for future HEV applications. The fast switching characteristics and high temperature 
performance of the 600 V GaN HEMT is evaluated through experiments. In section 8.2, the 
inherent switching performance of the GaN HEMT is demonstrated in the double pulse test. In 
section 8.3, the limitation factors of the fast switching capability by the device packaging and 
application circuit are analyzed. In section 8.4, the high temperature static and switching 
characteristics up to 200 ˚C are tested and presented. 
8.1 Introduction 
Besides the high temperature capability, efficiency and power density are also critical for 
HEV applications. Although the wide bandgap devices are in development and costly, they could 
be potential replacements of conventional Si devices in future due to their many advantages such 
as fast switching speed, lower on state resistance and higher operating temperatures.  
Theoretically, GaN devices have superior performances over Si and SiC devices, due to their 
high electron mobility, high breakdown field and high electron velocity. However, today’s 
commercial GaN power electronics devices are still limited to low voltage applications, which 
usually have a blocking voltage below 200 V [32]-[33]. In the recent years, 600 V GaN devices 
have emerged, showing the advantages of fast switching and low on-state resistance [34]-[36]. 
However, the fast switching behavior could bring challenges and issues to the package and 
application circuit layout. The high temperature characteristics of the device remain unclear. 
This chapter investigates the switching behavior and high temperature performance of the 
600 V GaN HEMT. First, the inherent switching performance of the GaN HEMT is 
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demonstrated in the double pulse test. The GaN HEMT exhibits superior switching capability, 
with a di/dt reaching 9.6 A/ns and dv/dt reaching 140 V/ns. Then, the limitations of the fast 
switching capability by the device packaging and application circuit are analyzed. The 
interference between the current and gate through common source inductance limits the inherent 
switching speed. Packaging and circuit layout with small parasitics is critical in achieving fast 
switching. Finally, the high temperature static and switching characteristics up to 200 ˚C are also 
tested and given. The switching performance of the device is independent of temperature. 
8.2 Evaluation of 600V GaN HEMT Switching Characteristics 
A 600 V / 11 A GaN HEMT (TPH3006PS) from Transphorm is used for DUT. The device 
has a Rds(on) of 0.15 Ω and a low reverse recovery charge Qrr of 54 nC. The cascode structure 
makes it normally off and compatible with standard Si drivers. Figure 8-1 shows the internal 
cascode structure of TPH3006PS. The fast switching speed makes it suitable for high efficiency 
and high density applications. 
 
Figure 8-1. Cascode structure of TPH3006PS. 
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The switching performance of the DUT is evaluated with an inductive load double pulse test 
circuit. Figure 8-2 shows the circuit schematic and hardware of double pulse test (DPT). The 
inductive load is composed of three inductors, each of which has one layer of windings to 
minimize the equivalent parallel capacitance (EPC). The SiC Schottky diode is connected in 
parallel with the inductor as the freewheeling diode. The bottom switch is the DUT. The Kelvin 
source wiring is applied for the DUT instead of the conventional wiring in the test. The source-
pin and source-tab are employed for gate and power loop respectively, which reduces the 
common source inductance dramatically, and thus, reduces the ringing on its gate. The Kelvin 
source wiring benefits the fast switching performance. However, it brings difficulty to thermal 
management since the tab is soldered to the PCB. The DUT is driven by a high speed, high 
current gate driver IXDN609 from IXYS. LDO LP2951 provides the flexibility of changing the 
turn on gate voltage. The decoupling capacitor is placed close to the DUT to minimize the 
parasitic inductance in the power loop. A 0.1 Ω shunt resistor with the bandwidth of 2 GHz is 
connected in series with the device source terminal to measure the collector current. Vgs and Vds 
are measured using the Tektronix voltage probes P6139 and P5100 respectively. 
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(a) Circuit schematic 
 
(b) Hardware 
Figure 8-2. Double pulse test circuit. 
The switching performance of the DUT is tested with a dc bus voltage of 400 V and a load 
current of 11 A. Figure 8-3 shows the switching transient using the gate voltage of 0 V / 13.5 V 
and the gate resistance of 0 Ω to push the switching speed. For the turn on transient, the dv/dt 
achieves 140 V/ns, and the di/dt achieves 9.6 A/ns. For the turn off transient, the dv/dt achieves 
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42 V/ns, and the di/dt achieves 2.4 A/ns. The turn off switching speed is smaller than turn on 
switching speed because the DUT junction capacitance needs to be charged by inductor current 
during turn off. The turn on switching energy is 4.3 µJ, and the turn off switching energy is 
8.1µJ. 
 
(a) Turn on 
 
(b) Turn off 
Figure 8-3. Switching waveforms of 600V GaN HEMT with 0 Ω Rg and 13.5 V Vgs. 
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Vgs (10V/div) 
Vds (100V/div) 
Id (7A/div) Inverted 
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Vds (100V/div) 
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Id (7A/div) Inverted 
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The DUT is also tested with various gate voltage Vgs and gate resistance Rg under the same 
voltage and current conditions. Figure 8-4 shows the di/dt and dv/dt during turn on transient with 
various Vgs and Rg. Figure 8-5 show the turn on and turn off switching energy with various Vgs 
and Rg. The switching speed can be reduced with smaller Vgs or larger Rg to compromise for the 
circuit limitations (e.g. isolator dv/dt immunity in a phase leg configuration, gate ringing caused 
by di/dt on common source inductance), but the switching energy is increased accordingly. 
  
(a) di/dt (b) dv/dt 
Figure 8-4. Turn on speed of 600V GaN HEMT with various Rg and Vgs. 
  
(a) Turn on switching energy (b) Turn off switching energy 
Figure 8-5. Switching energy of 600V GaN HEMT with various Rg and Vgs. 
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8.3 Limitations of 600V GaN HEMT Switching Speed 
Although the GaN HEMT has the inherent fast switching capability, it can be limited by 
circuit parasitics in practical applications. 
The large di/dt can interfere with the gate voltage through common source inductance. 
Figure 8-6 shows the typical turn on waveforms of the DUT as the bottom switch. During t1 and 
t2, the rising current Id causes a positive voltage drop on the common source inductance, and a 
dip on the gate voltage Vg is observed. If the gate voltage drops below the gate threshold voltage 
(1.8 V for TPH3006PS) at t2, a false turn off can occur to the DUT during the turn on transient. 
During t2 and t3, the falling current can cause the rise on the gate voltage of the DUT. The top 
HEMT can be falsely turned on in a phase leg configuration. 
  
Figure 8-6. Influence of di/dt on gate voltage in a typical turn on transient. 
Previous tests have shown that the DUT can be switched at the inherent speed using Kelvin 
source wiring without causing much ringing on gate. To investigate the influence of di/dt on the 
gate of the bottom switch, the DUT is switched with the conventional wiring to increase the 
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common source inductance, as shown in Figure 8-7 (a). The test results are shown in Figure 8-7 
(b). With the gate voltage of 10 V and gate resistance of 0 Ω, the gate voltage drops below 
threshold voltage during the current rising and leads to a false turn off. The phenomenon can be 
mitigated by increasing the turn on gate voltage. With the gate voltage of 13.5 V and the same 
gate resistance, the gate voltage keeps above threshold voltage and not fault is observed. The 
di/dt achieves 9.1 A/ns. 
 
(a) Circuit schematic 
 
(b) Turn on waveforms with various Vgs 
Figure 8-7. False turn off of bottom GaN HEMT with conventional wiring. 
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A phase leg configuration composed of two GaN HEMT as both top diode and bottom 
switch is built, as shown in Figure 8-8 (a). To investigate the influence of di/dt on the gate of top 
HEMT, the conventional wiring is applied for top HEMT and Kelvin source wiring is applied for 
bottom HEMT. With the gate voltage of 0 V applied on the top device, a severe ringing is 
observed after the bottom HEMT is turned on, as shown in Figure 8-8 (b). The phenomenon is 
caused by the false turn on of the top device and can be mitigated by negative biasing the gate 
voltage. Figure 8-8 (c) shows the turn on transient of the bottom HEMT with the negative 
voltage applied to the gate of the top HEMT. No fault turn on is observed when the gate voltage 
of -5 V is applied for the top HEMT with a conventional wiring or 0 V Vgs is applied for top 
HEMT with Kelvin source connection. The di/dt of falling current achieves 18.7 A/ns. 
In summary, the limitation of GaN HEMT’s inherent large di/dt is the inference between the 
current and gate voltage. The solutions include reducing the common source inductance with 
better packaging and circuit layout, increasing the turn on voltage, and negative biasing the turn 
off voltage. 
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(a) Circuit schematic 
 
(b) Ringing caused by top GaN HEMT with 0 V gate voltage 
 
(c) Negative gate voltage applied to top GaN HEMT 
Figure 8-8. False turn on of top GaN HEMT with conventional wiring. 
100ns/div 
Vds (100V/div) 
Vgs (10V/div) 
Id (7A/div) Inverted 
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8.4 High Temperature Characteristics of 600V GaN HEMT 
The GaN HEMT is tested at various temperatures up to 200 ˚C. The circuit schematic for 
switching characterization is shown in Figure 8-7 (a). The conventional wiring is employed for 
the DUT since the s-tab is attached to a hot plate for heating the device. The device case 
temperatures are monitored by thermocouples. Since the switching loss caused by two pulses is 
negligible, the DUT junction temperature can be regarded as the same as the case temperature. 
The test conditions are: dc bus voltage Vdc is 400 V, load current is 11 A, gate voltage Vgs is 0 V 
/ 13.5 V, and gate resistance Rg is 0 Ω. 
Figure 8-9 shows the switching performance of GaN HEMT at 25˚C, 100 ˚C, and 200 ˚C. 
The switching speed and switching energy does not change with the temperatures. 
  
(a) Turn on (b) Turn off 
Figure 8-9. Switching characterization of GaN HEMT at various temperatures. 
The static characterization of the GaN HEMT is carried out with a high power curve tracer 
at various temperatures. The output characteristics and leakage current at 400 V are shown in 
Fig. 10 and Fig. 11 respectively. The on-state resistance Rds(on) and leakage current increase 
with temperatures. 
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Figure 8-10. Output characteristics of GaN HEMT. 
 
Figure 8-11. Leakage current of GaN HEMT at 400 V. 
 
8.5 Summary 
The 600 V GaN HEMT is investigated through experiment in terms of fast switching and 
high temperature capabilities. The GaN HEMT exhibits superior switching capability, with a 
di/dt reaching 9.6 A/ns and dv/dt reaching 140 V/ns. However, the inherent fast switching can be 
limited by many factors in practical application circuits. Experiments demonstrate the 
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interference between the current and gate thorough common source inductance limits the 
inherent switching speed. Packaging and circuit layout with small parasitic is critical in 
achieving fast switching. Negative biasing turn-off gate voltage and increasing turn-on gate 
voltage help mitigate the effect. Finally, the high temperature static and switching characteristics 
up to 200 ˚C are also tested and given. The switching performance of the device is independent 
of temperatures. 
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Chapter 9. Conclusions and Future Work 
This chapter summarizes this dissertation and gives some suggestions for future work in this 
research area. 
9.1 Conclusions 
This dissertation investigates the feasibility of operating Si devices at 200 ˚C and provides 
the guidelines for the development of a high temperature Si converter for operating with 105 ˚C 
high temperature coolant. The main conclusions are summarized below. 
First, the device characterization shows that the commercial 175 ˚C Si IGBT under test can 
be successfully switched at an elevated junction temperature of 200 ˚C with increased but 
acceptable losses. Comparing with the power semiconductor operation in commercial HEVs, by 
extending the junction temperature to 200 ˚C without compromising power density and thermal 
management design, the additional 65 ˚C cooling loop can be eliminated with the trade-off of the 
decreased efficiency by 0.2 percent. 
Second, the IGBT shows very good latch-up immunity even at very high temperatures. The 
short circuit capability is decreased at 200 ˚C, but it is still adequate for protection. The IGBT 
can be turned off safely in the wide temperature range from 25˚C to 200 ˚C as long as it does not 
exceed the rated voltage. However, it has limited avalanche capability and cannot be subjected to 
over voltage stress. The important criteria considering latch-up immunity, short circuit capability 
and avalanche capability are given to ensure the safe and reliable operation of Si IGBTs at 200 
˚C. 
Third, to support the Si devices operating continuously at the junction temperature of 200 
˚C, a Si IGBT phase-leg module is packaged utilizing high temperature packaging technologies 
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and appropriate thermal management. The thermal performance of the module and cooling 
system should be within the device limit to allow thermal stability of Si IGBTs. A 10 kW buck 
converter composed of a phase-leg module is operated successfully with the device junction 
temperature heated up to 200 ˚C, which demonstrates the high temperature capability of the 
designed package module. 
Fourth, a method is proposed to measure the junction temperatures of IGBT discrete devices 
and modules using short circuit current ISC. The calibration between short circuit current and 
temperature shows that ISC has a good temperature sensitivity and linearity. ISC is little influenced 
by the voltage across the device (0.096 ˚C/V). By creating a short circuit in hard switching fault, 
the effect of gate voltage variance on short circuit current is eliminated, so that the short circuit 
current is only determined by temperature. Due to these advantages, the short circuit current is 
suitable to be used for temperature measurement. By connecting a temperature measurement unit 
to the converter and giving a short circuit pulse, the IGBT junction temperature can be measured. 
Fifth, a 30 kW Si IGBT based three-phase converter has been developed for operating at the 
junction temperature of 200 ˚C with the high temperature coolant in hybrid electric vehicle 
applications. An integrated pin fin structured AlSiC baseplate is used for cooling design, which 
provides improved thermal performances compared to a two-tube cold plate. The experimental 
results demonstrate that the three-phase converter can operate at the junction temperature of 200 
˚C with the 105 ˚C high temperature coolant, thus eliminating the need for the additional 65 ˚C 
coolant in HEV. 
Additionally, the emerging 600 V GaN HEMT is investigated as a potential replacement of 
Si devices for high efficiency and high temperature in future HEV applications. The GaN HEMT 
exhibits superior switching capability, with a di/dt reaching 9.6 A/ns and dv/dt reaching 140 V/ns. 
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However, the inherent fast switching can be limited by many factors in practical application 
circuits. Experiments demonstrate the interference between the current and gate thorough 
common source inductance limits the inherent switching speed. Packaging and circuit layout 
with small parasitic is critical in achieving fast switching. Negative biasing turn-off gate voltage 
and increasing turn-on gate voltage help mitigate the effect. The high temperature static and 
switching characteristics up to 200 ˚C are also tested and given. The switching performance of 
the device is temperature insensitive. 
9.2 Future Work 
Based on the above conclusions, the following aspects can be considered for future research. 
(1) Reliability of Si IGBT device and packaging for operation at 200 ˚C 
For the reliability of the device itself, degradation and breakdown of oxides and electro-
migration are the main issues. Besides, high temperature operation can give rise to thermal 
instabilities due to the easier current filament formation at higher temperatures. Thus, the 
reliability of the device should be further studied under the harsh environmental conditions using 
a combination of standard tests including high temperature reverse bias (HTRB), high 
temperature gate bias (HTGB), temperature humidity bias (THB) and so on. 
The reliability of the packaging is another key challenge for high temperature operation. 
High temperature cycling tests (thermal cycling and power cycling) will be used on the IGBT 
modules to evaluate the thermo-mechanical reliability under the harsh environmental conditions. 
The power cycling lifetime is mainly limited by the bonding wire joints and the solder layer 
under the chip. The thermal cycling lifetime is mainly limited by the solder joints between the 
substrate and the baseplate. In the HEVs with high temperature coolant as described in the 
dissertation, the coolant temperature range is from -40 ˚C up to 105 ˚C and the ambient 
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temperature is -40 ˚C to 140 ˚C. The IGBT modules used in the application should have the 
thermal cycling capability from -40 ˚C to 200 ˚C with the increased ∆Tc compared to the 
commercial HEVs nowadays, and the power cycling capability from 105 ˚C to 200 ˚C with ∆Tj 
of 95 ˚C which does not change much. 
(2) Health condition monitoring of power modules using short circuit current 
A method of IGBT junction temperature measurement is proposed in this dissertation using 
short circuit current as a TSEP. The method is used for converter prototype evaluation to help 
determine the safe operating region and avoid the unnecessary safety margin regarding device 
temperatures. 
Furthermore, the junction temperature measurement method could be applied in the periodic 
check to monitor for a health condition monitoring and a lifetime prediction of the power 
conversion stage, which should be further explored [94]-[95]. For example, during the converter 
self check before the converter is started, a short circuit pulse can be generated to monitor the 
wear-out status of the power semiconductor devices and packaging. 
It should be noted that repetitive short circuits could have a cumulative degradation effect 
and finally cause the device failure. In [96], it is claimed that the IGBT reaches failure after some 
104 short circuits. Therefore, the degradation effect caused by measurement should be taken into 
consideration, and the measurement times through the whole device lifetime should be much less 
than that causes failure. For the same reason, the short circuit current is not suitable to be used 
for online measurement for over temperature protection, which requires repetitive measurement 
during the converter operation. 
(3) Emerging 600V GaN HEMT switching performance improvement with packaging 
 135
The dissertation reveals that the inherent fast switching of the GaN HEMT can be limited by 
many factors in practical application circuits. The interference between the current and gate 
through common source inductance limits the inherent switching speed. For the discrete device 
with standard TO-220 package, the Kelvin source wiring helps reduce the common source 
inductance dramatically, but it brings difficulty to thermal management since the tab is soldered 
to the PCB. A packaged module could be developed for the GaN HEMT to improve both of the 
switching performance and thermal performance. 
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